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ABSTRACT 
Objectives: Despite continued efforts to decrease environmental lead exposure, it re-
mains a public health concern in the U.S. The aim of this study was to investigate the in-
fluence of lead exposure on dental caries risk among different populations. 
Methods: We used data from Detroit Dental Health Project (DDHP), a cohort study of a 
representative sample of low-income African–American families in Detroit, Michigan, to 
investigate the influence of lead toxicity on dental caries risk among children, and to as-
sess the effect of blood lead level on the caries experience among their caregivers. Data 
from Dental Longitudinal Study (DLS), a closed-panel prospective cohort study of oral 
health and aging, was used to assess the cross-sectional and longitudinal relationships be-
tween bone lead level as a cumulative measure of lead exposure and dental caries among 
older men. The outcome measure for cross-sectional analyses was dmfs/DMFS, which is 
the number of decayed surfaces, missing, and filled surfaces for each subject. Then ad-
justed new dmfs/DMFS increments were used for the longitudinal analyses. Descriptive 
 vi 
 
and bivariate analyses were conducted on dental caries outcome by lead biomarkers. 
Multiple regression and GEE models were conducted controlling for confounding. 
Results: History of lead toxicity (≥ 10µg/dl) and children’s caries risk was significantly 
associated in both cross-sectional analysis (PR = 1.50, p-value=0.003) and longitudinal 
analysis (IRR= 1.36, p-value=0.02). These associations were independent of confounding 
factors such as age, brushing frequency, soda consumption, income, and child and care-
giver’s caries experience. On other hand, no significant associations were found between 
blood lead level and dental caries experience among African American adults (β=2.3, p-
value=0.5), nor between high tibia/patella lead level and dental caries incident among 
older adult (β=0.1, p-value=0.7 for tibia, and β=0.3, p-value=0.1 for patella) . 
Conclusion: The results suggest that children with a history of lead toxicity are at a 
higher risk of developing dental caries compared to other children. However, there is no 
significant association between lead exposure and dental caries among adults. Therefore, 
children with a history of lead toxicity should be given special consideration in caries risk 
assessment and caries prevention programs. 
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CHAPTER 1: INTRODUCTION  
Oral health is an essential part for the general health (Scully 2000). Globally, dental caries 
is considered one of the most common oral health diseases (Petersen et al. 2005). Recent 
Data from the National Health and Nutrition Examination Survey (NHANES 2011–2012) 
showed that the prevalence of dental caries for children aged 2-5 years is approximately 
23%, and even higher percentage (56%) were found in those aged 6-8 (Dye et al. 2015a). 
Among adults, about 91% of adults aged 20–64 had dental caries, with 27% of older adults 
(aged 45–64 years) have untreated dental caries (Dye et al. 2015b). This high numbers of 
dental caries, poses a significant public health challenge; taking in consideration the nega-
tive effect of dental caries on a person life (Tinanoff and Reisine 2009). Dental caries cause 
pain and infection which may affect basic vital functions such as eating, speaking, sleeping 
and overall quality of life (Blumenshine et al. 2008; Holt and Kraft 2005; Mattila et al. 
2000; Pahel, Rozier, Slade 2007; Talekar et al. 2005).  
Dental caries is multifactorial disease that develops over time as a result of the in-
teraction between the tooth surface as a susceptible host, an agent such as dental plaque, 
acid producing bacteria such as mutans streptococci, and environmental factors such as 
saliva, oral hygiene, and fluoride exposure  (Fejerskov 2004; Palmer et al. 2010; Tanzer, 
Livingston, Thompson 2001). Researchers have found that environmental, behavioral and 
psychosocial factors can play a significant role in dental caries development (Reisine and 
Douglass 1998). Lead exposure, as an example of environmental factors, has been linked 
with dental caries in several epidemiological studies. 
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Lead (Pb) is a heavy metal environmental pollutant that has no biological value for 
human body (Flora, Gupta, Tiwari 2012). Despite continued efforts to decrease environ-
mental lead exposure over the past decades, it remains a public health concern in the United 
States (Potash et al. 2015). Lead exposure has been known to have long-lasting adverse 
health and behavioral effects (Flora, Gupta, Tiwari 2012; Potash et al. 2015). It has acute 
toxic and chronic effects on many organs and accumulates in teeth and bones (Flora, Gupta, 
Tiwari 2012; Gilbert and Weiss 2006; Rosin 2009).  
Several studies investigated the relationship between lead exposure and dental car-
ies motivated by the known accumulation of lead in teeth (Alomary et al. 2013; Barbosa Jr 
et al. 2005). Mechanisms that have been offered to explain the potential association include 
effects on enamel formation, as lead can be integrated in enamel during mineralization 
phase of tooth development as well as after eruption (Alomary et al. 2013; Youravong et 
al. 2005; Youravong et al. 2006). Another mechanism by which lead may influence caries 
development is through its effects on salivary gland development and function and an in-
terference with fluoride uptake in saliva (Gerlach et al. 2002; Watson et al. 1997). How-
ever, epidemiological and ecological studies of the association between lead exposure and 
dental caries did not reach to unequivocal agreement. 
Moss et al. reported a significant association between blood lead level and dental 
caries in both deciduous and permanent teeth using NHANES III (Moss, Lanphear, 
Auinger 1999). Similarly, Wiener et al. found a strong association between blood lead ex-
posure and dental caries prevalence in children aged 24–72 months (Wiener, Long, Jurevic 
2015). Moreover, Amin et al found a significant positive association between average 
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blood lead levels measured quarterly and biannual from 3 to 78 months and DMFS and 
DMFT during late adolescence between (16 to 22 years of age) (Amin 2014). On the other 
hand, Campbell et al. found only a marginal association between blood lead level and den-
tal caries in deciduous but not on permanent teeth (Campbell, Moss, Raubertas 2000). Sim-
ilar results found by Youravong et al. in a cross-sectional study of 292 children aged 6–11 
in a lead contaminated area of Thailand (Youravong et al. 2006). They found that, dental 
caries prevalence in deciduous teeth, but not in permanent, was correlated with the blood 
lead level. Moreover, Gemmel et al could only find a positive association between blood 
lead level and dental caries among urban children but not among the rural subgroup (Gem-
mel et al. 2002). 
Limited studies have examined the association between lead exposure and dental 
caries in adults. Nriagu et al. found a significant association between blood lead level and 
dental caries among low-income African American adults (Nriagu et al. 2006). On other 
hand, Chang et al, found that blood lead level was not associated with the presence of caries 
among 293 college students in Taiwan (Chang et al. 2010). 
The inconsistency between study results related to the association between lead ex-
posure and dental caries needs to be further evaluated in a longitudinal study design to 
either confirm or refute the effect of lead exposure on dental caries development. There-
fore, the aim of this dissertation is to assess the relationship between lead exposure and 
dental caries in children and adults both cross-sectionally and longitudinally using two dif-
ferent longitudinal data sets. This dissertation is comprised of three separate studies that 
results in three papers. The first paper will address the cross-sectional and longitudinal 
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effect of lead toxicity on dental caries experience in low-income African American chil-
dren. The second paper will assess the cross-sectional association between blood lead level 
and the prevalence of dental caries among low-income African American adults. The third 
paper will investigate the cross-sectional and longitudinal effect of cumulative lead expo-
sure (measured by bone lead level) on dental caries risk among older adults. 
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CHAPTER 2: LITERATURE REVIEW 
A) Lead exposure 
Lead (Pb) is a heavy metal environmental pollutant. It is a dense, bluish-grey non- 
biodegradable metal that exists naturally in the earth’s crust. Lead has distinctive 
characteristics such as low melting point, ductility, corrosion resistance and high 
malleability, which lead to its extensive usage in modern industries such as paint, 
automobiles, ceramic, etc. It has been used for several years and is still broadly used 
today (Dapul and Laraque 2014; Flora, Gupta, Tiwari 2012; Tiwari, Tripathi, Tiwari 
2014).  
Lead exposure is a major public health concern. It inflicts lifelong health and 
financial costs on hundreds of thousands of families every year in the United States 
(Potash et al. 2015). The first recognition of the impact of lead exposure on children 
was at 1892, but the negative effects of lead have been documented as far back as 600 
B.C (Needleman 2009; Schnur and John 2014; Warniment, Tsang, Galazka 2010). 
Although European countries banned lead paint as early as 1909 (Lanphear 2005; 
Potash et al. 2015), in the United States leaded consumer products was not banned until 
the late 1970s due to political and businesses interest (Needleman 2009; Potash et al. 
2015).  The delayed ban allows houses to be painted with leaded paint, cars to run using 
leaded gas and industry emitted leaded waste products directly into the atmosphere for 
most of the 20th century (Potash et al. 2015).   
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Lead exposure can occur from ingesting lead-based paint particles and inhaling 
airborne particulates and dust (Schnur and John 2014). Although lead-based paint was 
phased out in 1977, lead paint still remains one of the main causes of lead exposure in 
the United States (Chandran and Cataldo 2010; Levin et al. 2008; Schnur and John 
2014), with almost 35% of all homes in the United States having hazardous lead-based 
paint (Cox et al. 2015). Lead-based paint and dust account for about 70% of the 
elevated blood lead levels in children in the United States (Levin et al. 2008; Schnur 
and John 2014). Children who live in homes built before the ban have almost six times 
the risk of having elevated blood lead levels when compared to children living in lower 
risk housing (Chandran and Cataldo 2010; Jones et al. 2009; Schnur and John 2014). 
Other less common reasons of lead exposure include but not limited to lead in food and 
beverages, imported consumer goods, folk medications, and parental occupational lead 
exposure (Schnur and John 2014). Another source of lead that may affect a child is lead 
in breast milk from maternal lead exposure and through placenta to unborn child 
(Schnur and John 2014; Watson et al. 1997). 
There are several risk factors for elevated lead levels in children. As prior men-
tioned, old lead-based paint is the most significant risk factor for lead exposure. Fur-
thermore, income, race and location of the residence were associated with high blood 
lead level (Schnur and John 2014). Children at the highest risk for elevated blood lead 
level are those whose families are below the federal poverty threshold (Jones et al. 
2009; Schnur and John 2014). Moreover, Medicaid enrolled children and those living 
in urban areas are more likely to have elevated blood lead levels (Chandran and Cataldo 
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2010; Schnur and John 2014). Although racial disparities in lead levels in the United 
States seem to be decreasing, it still exists, with African American children are afflicted 
disproportionately with higher blood lead levels compared to children of other races 
and ethnicities (Chandran and Cataldo 2010; Jones et al. 2009; Schnur and John 2014). 
Other population at higher risk for elevated lead level in the blood include recent im-
migrants, refugees, international adoptees, children with nutritional deficiencies and 
those who use traditional folk remedies containing lead (Baker, Greer, Committee on 
Nutrition American Academy of Pediatrics 2010; Chandran and Cataldo 2010; Levin 
et al. 2008; Schnur and John 2014).  
 
A.1: Lead biomonitoring 
Biological monitoring for lead level reflects a person’s body burden that is related function 
of recent and/or past exposure (Barbosa Jr et al. 2005). Varieties of biomarkers are availa-
ble to monitor individual exposure such as blood, urine, bone, tooth, hair, and nail (Barbosa 
Jr et al. 2005; Sanders et al. 2009). Therefore, the proper selection of biomarkers of lead 
exposure is of critical significance for proper medical management, public health decision 
making, and primary prevention purposes (Barbosa Jr et al. 2005; Sanders et al. 2009). 
Regardless of the pathway of lead exposure (inhalation or ingestion), it has no bio-
logical value and is toxic to the human body (Flora, Gupta, Tiwari 2012). After it enters 
the body, almost 99% of it bound to erythrocytes (Patrick 2006). Children and pregnant 
women absorb up to 50% of ingested lead, while adult absorb only 15% of ingested lead 
(Barbosa Jr et al. 2005; Patrick 2006). The half-life of lead in bloodstream is about 35 days 
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(Patrick 2006), and it is integrated into calcified tissues such as bone and teeth, where it 
can stay for several years with an average half-life of 32 years in bone (Barbosa Jr et al. 
2005; Oflaherty 1995; Rabinowitz 1991). While more than 94% of lead body burden in 
adults is stored in bones, about 73% of the body burden is stored in bones in children (Bar-
bosa Jr et al. 2005; Barry 1981; Oflaherty 1995). Lead accumulation occurs mainly in tra-
becular bone during childhood and in both cortical and trabecular bone in adulthood (Auf-
derheide and Wittmers 1992; Patrick 2006). Lead is slowly released from bones to blood-
stream and act as "endogenous contamination” (Barbosa Jr et al. 2005; Gulson et al. 1996; 
Oflaherty 1995).  
Until this time, measuring venous blood lead level is still the most accepted indicator 
of lead exposure. However, due to the short half-life of lead in circulating blood, it cannot 
be used to diagnose exposure that happened more than 6 weeks prior testing (Barbosa Jr et 
al. 2005; Patrick 2006).  Because bone accounts for approximately 94% of lead body bur-
den in adults and around 73% in children (Barbosa Jr et al. 2005; Barry 1981; Oflaherty 
1995), many researchers prefer a cumulative measure of lead exposure such as bone lead 
level rather than a single blood measure (Barbosa Jr et al. 2005; Hu, Rabinowitz, Smith 
1998; Landrigan and Todd 1994). In favor of this hypothesis, several studies found that 
bone lead level (but not blood lead level) is significantly related to adverse health outcomes 
such as decreased birth weight and increased odds of hypertension (Barbosa Jr et al. 2005; 
Gonzalez-Cossio et al. 1997; Hu, Rabinowitz, Smith 1998). Over the last decade, a new 
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method was developed to measure lead in bone based on noninvasive in vivo X-ray fluo-
rescence (XRF). This technique is considered sensitive biomarker for cumulative lead ex-
posure (Barbosa Jr et al. 2005; Patrick 2006; Todd and Chettle 1994). 
 
A.2: Screening and guidelines 
Screening guidelines for lead exposure have changed over the past years. As prior men-
tioned, venous blood lead level is the most useful screening and diagnostic test for recent 
lead exposure. Given the greater risk of contamination using capillary blood lead levels 
(finger-stick method), an elevated blood lead level found through finger-stick method 
should always be confirmed through venipuncture (Betts 2012; Chandran and Cataldo 
2010; Schnur and John 2014). The Centers for Disease Control and Prevention (CDC) rec-
ommended targeted screening guidelines (1997–1998) instead of universal screening 
guidelines (Schnur and John 2014). While Universal screening guidelines recommended 
screening all children ages 1 and 2 years for lead, targeted screening guidelines recom-
mended testing only children who considered to be at high risk for high lead level such as 
those living in high-risk environments, children receiving Medicaid, immigrants, refugee 
and internationally adopted children (Schnur and John 2014; Warniment, Tsang, Galazka 
2010). 
  In 1991, the Advisory Committee on Childhood Lead Poisoning Prevention (AC-
CLPP) of the Centers for Disease Control and Prevention (CDC) defined blood lead levels 
equal to or greater than 10 µg/dL in children as a blood lead “level of concern” that should 
prompt public health actions (Schnur and John 2014). In 2012, the CDC ACCLPP issued 
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new, updated stricter guidelines with several modifications (Centers for Disease Control 
and Prevention 2012; Schnur and John 2014). First is the removal of the term “blood lead 
level of concern” because researches have clearly found that any level of lead in the blood 
can be harmful. Moreover, this terminology may suggest that a certain blood lead level 
could be considered safe (Jones et al. 2009; Schnur and John 2014).  
The second modification was a reduction in the reference value for blood lead lev-
els in children from 10 μg/dL to 5 μg/dL (Centers for Disease Control and Prevention 2012; 
Schnur and John 2014). This reference value is based on the 97.5 percentile of blood lead 
level in U.S. children aged 1-5 years from two consecutive cycles of the National Health 
and Nutrition Examination Survey (NHANES) (Centers for Disease Control and Preven-
tion 2012; Schnur and John 2014). Additionally, the ACCLPP recommended that this ref-
erence value should be evaluated every four years based on the most recent NHANES re-
port to ensure that changes in the population are sufficiently evaluated (Centers for Disease 
Control and Prevention 2012). 
 
A.3: Effect of lead on overall health 
Lead is toxic and has no benefit to human body. Due to its ability to inhibit or mimic the 
actions of calcium, it adversely affects all calcium-dependent system such as nervous, car-
diovascular, renal, endocrine and gastrointestinal systems (Dapul and Laraque 2014; Flora, 
Gupta, Tiwari 2012; Kim et al. 2015; Patrick 2006). 
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Effect of lead on the nervous system  
The nervous system is the most sensitive organ to lead exposure compared to other organ 
systems (Cory-Slechta 1996; Kim et al. 2015). Lead exposure affects both the peripheral 
nervous system and the central nervous system in both children and adults.  The central 
nervous system is predominantly affected in children, whereas in adults, peripheral nervous 
system is mainly affected (Flora, Gupta, Tiwari 2012; Kim et al. 2015). The most common 
documented effect of lead exposure to the nervous system is encephalopathy (Flora, Gupta, 
Tiwari 2012). In relatively minor cases of lead toxicity, symptoms like dullness, irritability, 
headaches, poor attention span, muscular tremors, and loss of memory and hallucination 
occur.  In more severe cases can result in delirium, convulsions, paralysis, coma and ataxia 
(Flora, Gupta, Tiwari 2012; Kim et al. 2015). Infants and young children are far more vul-
nerable to the neurological effects of lead than adults because their nervous system is still 
developing and absorb a higher fraction of lead (Flora, Gupta, Tiwari 2012; Kim et al. 
2015; Needleman 2004). Studies have reported the effect of relatively low level of chronic 
exposure during childhood on cognitive and behavioral outcomes. Symptoms include 
lower IQ, irritability, hyperactivity and loss of attention (Canfield et al. 2003; Chandra-
mouli et al. 2009; Kim et al. 2015; McLaine et al. 2013; Nigg et al. 2010).  
Effect of lead on renal system: 
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Renal dysfunction occurs mostly at high levels of lead exposure but even at a blood level 
lower than 10 μg/dL, lead can result in lead nephropathy and impairment of proximal tub-
ular function, manifested by glycosuria, aminoaciduria and hyperphosphaturia (Flora, 
Gupta, Tiwari 2012; Grant 2008). Moreover, lead inhibits the activation of vitamin D 1,2-
dihydroxy cholecalciferol, which is very important for calcium metabolism (Dapul and 
Laraque 2014).   
Effect of lead on the hematopoietic system  
The hematopoietic system is directly affected by lead due to its ability to inhibit hemoglo-
bin synthesis by blocking the activity of ferrochelatase, aminolevulinic acid synthetase 
(ALAS), and δ-aminolevulinic acid dehydratase (ALAD) (Flora, Gupta, Tiwari 2012; Kim 
et al. 2015). Blocking these enzymes leads to two types of anemia: acute hemolytic anemia, 
which is caused by exposure to high levels of lead, and frank anemia, which is caused only 
when the blood lead level is significantly elevated for prolonged times (Flora, Gupta, Ti-
wari 2012; Vij 2009). Compared to other enzymes, ALAD is the most markedly affected. 
Therefore, it has been used clinically to gauge the degree of lead poisoning (Flora, Gupta, 
Tiwari 2012; Kim et al. 2015).  
Effect of lead on cardiovascular system  
Lead exposure causes cardiac and vascular disorders with potentially lethal consequences 
including ischemic coronary heart disease, peripheral vascular disease and hypertension 
(Flora, Gupta, Tiwari 2012; Kim et al. 2015; Navas-Acien et al. 2007). Recent studies have 
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found that even low levels of lead exposure can cause hypertension (Kim et al. 2015; 
Sirivarasai et al. 2015). Although the actual mechanism is not totally understood, some 
studies suggested an association with chronic nephropathy (Kim et al. 2015; Rastogi 2008), 
and others suggested oxidative stress as the mechanism (Kim et al. 2015; Sirivarasai et al. 
2015). 
Effect of lead on reproductive system  
Lead exposure can result in reproductive toxicity in both men and women. Common side 
effect in men include reduction in libido, infertility, abnormal prostatic function, chromo-
somal damage, changes in serum testosterone as well as a reduction in sperm concentra-
tions, total sperm counts, and total sperm motility. In women, side effects include infertil-
ity, pre-eclampsia, premature membrane rupture, pregnancy hypertension and increase in 
the incidence of stillbirth and miscarriage (Dapul and Laraque 2014; Flora, Gupta, Tiwari 
2012; Kim et al. 2015; Levin and Goldberg 2000). Moreover, during the gestation period, 
the effect of lead on the developmental stages of the fetus has also been documented (Flora, 
Gupta, Tiwari 2012; Saleh et al. 2009).  
Other effects  
The effect of lead exposure on gastrointestinal system include anorexia, constipation, vom-
iting and abdominal pain (Dapul and Laraque 2014). Moreover, several studies suggest that 
lead exposure may result in premature births and low birth weights (Dapul and Laraque 
2014). Based on sufficient evidence from animal studies and limited evidence from human 
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studies, The International Agency for Research on Cancer (IARC), consider inorganic lead 
to be probably carcinogenic (Kim et al. 2015). Researchers suggest that Lead exposure may 
increase the risk of stomach, lung and bladder cancer (Kim et al. 2015).  
B) Lead Exposure and Dental Caries 
B.1: Dental Caries  
• Definitions : 
The American Academy of Pediatric Dentistry definition for dental caries is "a biofilm 
(plaque)-induced acid demineralization of enamel or dentin, mediated by saliva"(American 
Academy of Pediatric Dentistry 2005). The NIH Consensus Statement, Diagnosis and 
Management of Dental Caries throughout Life, defines dental caries as "an infectious, com-
municable disease resulting in destruction of tooth structure by acid-forming bacteria found 
in dental plaque, an intraoral biofilm, in the presence of sugar. The infection results in loss 
of tooth minerals that begins on the outer surface of the tooth and can progress through the 
dentin to the pulp, ultimately compromising the vitality of the tooth" (National Institutes 
of Health (U.S.) 2001).  
• Epidemiology : 
Globally, dental caries is considered as one of the most common oral health diseases that 
affects both children and adults (Petersen et al. 2005). In children, it is recognized as the 
most common chronic disease of the childhood in the United States, it is five times more 
common than asthma and seven times more common than hay fever (Centers for Disease 
Control and Prevention (US) 2005). Recent Data from the National Health and Nutrition 
Examination Survey (NHANES 2011–2012) showed that the prevalence of dental caries 
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for children aged 2-5 years was approximately 23%, and even higher percentage (56%) 
were found in those aged 6-8 (Dye et al. 2015a). It was estimated that 14% of children aged 
2–8 had untreated tooth decay in primary teeth (Dye et al. 2015a). 
In adults, The World Health Organization (WHO) stated that dental caries has a 
prevalence of almost 100% (World Health Organization 2012). In the United States, ap-
proximately 91% of adults aged 20–64 had dental caries in 2011–2012; with 27% of older 
adults (age, 45–64 years) have untreated dental caries (Dye et al. 2015b). Additionally, as 
the proportion of the US population aged 65 years or older is expected to increase from 
14.5% in year 2014 to 21.7% in 2040 (Administration on Aging 2016), dental caries expe-
rience can be expected to increase in future years (Griffin et al. 2004).  
This high prevalence of dental caries, poses a significant public health challenge 
taking in consideration the negative effect of dental caries on a person life (Tinanoff and 
Reisine 2009). Dental caries cause pain and infection which may affect basic vital functions 
such as eating, speaking, sleeping and overall quality of life (Blumenshine et al. 2008; Holt 
and Kraft 2005; Mattila et al. 2000; Pahel, Rozier, Slade 2007; Talekar et al. 2005). 
Studies document racial disparities in dental caries risk among both children and 
adults. In a study done by Dye et al. to examine racial and ethnic disparities in dental caries 
among US children (Dye et al. 2015a), they concluded that racial/ ethnic disparity in regard 
to untreated dental decay exists. The prevalence of untreated dental decay was about 20% 
among non-Hispanic black compared to 10% of non-Hispanic white, 19 % of Hispanics 
and 16% of Non-Hispanic Asian (Dye et al. 2015a). Among adults, liu et al found that 
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Mexican-American and non-Hispanic blacks had a consistently higher prevalence of dental 
caries, with 35.9% and 37.7% in 2005–2006 and 32.2% and 34.3% in 2007–2008, respec-
tively using National Health and Nutrition Examination Survey data (Liu, Li, Walker 
2014). Moreover, the prevalence of untreated dental caries in 2011-2012 NHANES cycles 
was almost twice as high for non-Hispanic black (42%) compared with non-Hispanic white 
(22%) and Asian (17%) adults (Dye et al. 2015b). These disparities might be explained to 
barriers to access dental care, such as ethnic or racial differences between dentists and 
patients, and difficulty in making and keeping appointments and differences of cultural 
beliefs on oral health (Benadof 2015). 
 Children from lower income families are more likely to suffer from dental caries; 
with almost half of all children and two-thirds of children aged 12-19 have had dental caries 
(Centers for Disease Control and Prevention 2010). Similarly, adults from families with 
Federal Poverty income (PIR) <100% had a higher likelihood of dental caries than those 
with higher PIR (Liu, Li, Walker 2014). This could be explained by lower level of educa-
tion attainment, oral health literacy and dental services utilization among low-income fam-
ilies (Benadof 2015). 
• Etiology : 
Dental caries is a multifactorial disease that develops over time as a result of the interaction 
between the tooth surface as a susceptible host, an agent such as dental plaque, acid pro-
ducing bacteria such as mutans streptococci, and environmental factors such as saliva, oral 
hygiene, and fluoride exposure (Fejerskov 2004; Palmer et al. 2010; Tanzer, Livingston, 
Thompson 2001). Previous studies found that past caries experience, frequent consumption 
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of fermentable carbohydrates, socioeconomic status, early acquirement and high levels of 
S.mutans, fluoride exposure and improper feeding behaviors are considered the most sig-
nificant factors affecting the dental caries process (Harris et al. 2004; Reisine and Douglass 
1998). Moreover, studies have found that environmental, behavioral and psychosocial fac-
tors can play a significant role in dental caries development (Reisine and Douglass 1998). 
Lead exposure, as an example of environmental factors, has been linked with dental caries 
in several epidemiological studies. 
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B.2: The relationship between lead exposure and dental caries 
Several researchers have studied the relationship between lead level and dental caries. 
Mechanisms which have been offered to explain the potential association include effects 
on enamel formation. Lead can be integrated in enamel during mineralization phase of 
tooth development as well as after eruption (Alomary et al. 2013; Wiener, Long, Jurevic 
2015; Youravong et al. 2005). It has been reported that lead can be assimilated in deciduous 
teeth from 5 months prenatally until the teeth exfoliate (Gierat-Kucharzewska et al. 2003). 
Needleman et al found that children who were never screened for lead exposure had higher 
risk of enamel hypoplasia compared to others (Needleman et al. 1992). Moreover, Lawson 
et al found that higher postnatal lead exposure is associated with pitting hypoplasia of 
permanent teeth (Lawson et al. 1971).  
Another mechanism by which lead may influence caries development is through its 
effects on salivary gland development and function and its interference with fluoride 
uptake in saliva (Gerlach et al. 2002; Wiener, Long, Jurevic 2015). In a study using a rat 
animal model, Watson et al found 30% decrease in stimulated saliva from the parotid gland 
and 40% increase in caries development with prenatal and perinatal lead exposure (Watson 
et al. 1997).  
Several studies have investigated the association between lead exposure and dental 
caries experience. In the analysis of The Third National Health and Nutrition Examination 
Survey (NHANES III) from 1988-1994, Moss et al. (1999) reported a significant 
association between log blood lead level and dental caries in both deciduous and permanent 
teeth. Among children 5–17 years old, comparing caries free versus one or more dental 
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caries, a 5 µg/dL change in blood lead level was associated with an increased risk of caries 
(Odds Ratio (OR) = 1.8, 95% Confidence Interval 1.3-2.5) (Moss, Lanphear, Auinger 
1999). Similarly, Wiener et al. found a strong association between blood lead exposure and 
dental caries prevalence in children aged 24–72 months using NHANES III survey 
(Wiener, Long, Jurevic 2015). Moreover, Amin et al found a significant positive 
association between average blood lead levels measured quarterly and biannual from 3 to 
78 months and DMFS and DMFT during late adolescence between (16 to 22 years of age) 
(Amin 2014). On the other hand, Campbell et al. found a marginal association between 
blood lead level and dental caries in deciduous but not on permanent teeth using a 
retrospective cohort design with 248 school-age children (Campbell, Moss, Raubertas 
2000). Similar results found by Youravong et al. in a cross-sectional study of 292 children 
aged 6–11 in a lead contaminated area of Thailand (Youravong et al. 2006). They found 
that, dental caries prevalence in deciduous teeth (dfs), but not in permanent (DMFS), was 
correlated with the blood lead level (Rs=0.25, p =0.00 / Rs
 
=0.09, p =0.14). Moreover, 
Martin et al. found only a gender-specific association between blood lead level and dental 
caries in deciduous teeth, but not in permanent, in a cross-sectional study of 507 children 
aged 8–12 (Martin et al. 2007). Another study investigated the relationship between blood 
lead and dental caries prevalence in 543 school-age children in the New England region of 
the United States (Gemmel et al. 2002). This study could only find a positive association 
between blood lead level and the number of carious lesions among urban children but not 
among the rural subgroup.  
 25 
Limited studies have examined the association between lead exposure and dental 
caries in adults. Nriagu et al. found a significant association between blood lead level and 
dental caries in 970 low-income African American adults (Nriagu et al. 2006). On the other 
hand, Chang et al, found that Blood lead level was not associated with the presence of 
caries among 293 college students in Taiwan (β = 0.13, P = 0.62) (Chang et al. 2010).  
Several studies examined the relationship between lead exposure and dental caries 
using different measures of lead exposures. Barmes et al found a significant association 
between dietary lead exposure and dental caries in villagers in New Guinea (Barmes 1969). 
Ludwig et al. found an association between lead concentration in drinking water and dental 
caries among children from 19 towns in the Eastern United States (Ludwig, Adkins, Losee 
1970). Furthermore, using enamel biopsies, Brudevold et al found significantly higher DFT 
(decayed and filled teeth) and DFS (decayed and filled surfaces) scores in children aged 9-
12 with high enamel lead level (Brudevold et al. 1977). Moreover, Gil et al. found a posi-
tive correlation between enamel lead concentrations and DMFT (decayed, missing and 
filled teeth) score in a cross-sectional study of 220 subjects of mixed ages from 10 to >60 
years (Gil et al. 1996). Additionally, Kumar et al found a significant association between 
both saliva lead level and enamel lead level and dental caries in children aged 5 years 
(Pradeep Kumar and Hegde 2013). On the other hand, Youravong et al found that there 
was no association between the salivary lead levels and dental caries in schoolchildren in 
Thailand (Youravong et al. 2006). Similarly, Nriagu et al. found no association between 
saliva lead level and dental caries in low-income African American adults (Nriagu et al. 
2006).  
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The inconsistency between study results related to the association between lead 
exposure and dental caries needs to be further evaluated in a longitudinal study design to 
either confirm or refute the effect of lead exposure on dental caries development.  
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Objectives, Research Questions, and Hypotheses 
 
Paper I: The Influence of Lead Toxicity on Dental Caries Risk among African 
American Children 
 
Objective: 
To determine the extent of the association (cross-sectional and/or longitudinal) be-
tween lead toxicity and dental caries among African American preschool children. 
Research Question: 
To what extent, if any, is there a cross-sectional/longitudinal association between 
lead toxicity and dental caries among African American preschool children? 
Hypothesis: 
Children with history of lead toxicity will have higher caries experience compared 
to others. 
  
 40 
Paper II: The Association between Lead Exposure and Dental Caries among 
African American Adults 
 
Objective: 
To determine the extent of the cross-sectional association between blood lead level 
and dental caries prevalence among African American adults. 
Research Question: 
To what extent, if any, is there a cross-sectional association between blood lead level 
and dental caries prevalence among African American adults? 
Hypothesis: 
Subjects with high blood lead level will have higher caries experience compared to 
others. 
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Paper III: The Effect of Cumulative Lead Exposure on Dental Caries Risk 
among Elderly Men 
 
Objective: 
To determine the extent of the association (cross-sectional and/or longitudinal) be-
tween bone lead levels with dental caries experience among older men. 
Research Question: 
To what extent, if any, is there a cross-sectional and/or longitudinal relationship be-
tween bone lead level and dental caries experience among older men? 
Hypothesis: 
Subjects with high bone lead level will have higher caries experience compared to 
others. 
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CHAPTER 3: THE INFLUENCE OF LEAD TOXICITY ON DENTAL 
CARIES RISK AMONG AFRICAN AMERICAN CHILDREN 
 
Introduction 
Oral health is an integral part of general health (Scully, 2000). Despite its importance, den-
tal caries remains a major problem in the United States, being the most common chronic 
disease during childhood (Centers for Disease Control & Prevention, 2005). Recent Na-
tional Health and Nutrition Examination Survey (NHANES 2011–2012) data demonstrates 
that 23% of the children aged 2-5 have dental caries (Dye, et al., 2015). This high number 
of dental caries poses a significant public health challenge due to its many negative effects 
on a person’s life including pain and infection which may affect basic vital functions such 
as eating, speaking, sleeping and overall quality of life (Tinanoff & Reisine, 2009, Blu-
menshine et al., 2008; Holt & Kraft, 2005; Mattila et al., 2000; Pahel et al., 2007; Talekar 
et al., 2005).  
At the tooth level, dental caries is a localized destruction of dental hard tissue that 
develops over time as a result of the interaction between the tooth surface as a susceptible 
host, an agent (such as dental plaque), acid producing bacteria (such as mutans strepto-
cocci), and environmental factors (such as saliva, oral hygiene, and fluoride exposure) 
(Fejerskov, 2004; Palmer et al., 2010; Tanzer et al., 2001). However, dental caries is also 
a multifactorial disease where environmental, behavioral, and psychosocial factors play 
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significant roles in its development (Reisine & Douglass, 1998). Lead exposure is an ex-
ample of an environmental factor that has been linked with dental caries in several epide-
miological studies.  
Lead (Pb) is a heavy metal environmental pollutant that has no biological value for 
the human body (Flora et al., 2012). Despite continued efforts to decrease environmental 
lead exposure over the past decades, it remains a public health concern in the United States. 
Almost 37.1 million homes in the United States have hazardous lead-based paint, and as 
evidenced by Flint, Michigan, many cities still have old leaded water pipes (Cox et al., 
2015; Potash et al., 2015). Lead exposure has long-lasting adverse health and behavioral 
effects including encephalopathy, attention deficit/hyperactivity disorder (ADHD), hyper-
tension, nephropathy, anemia, and infertility, etc. (Flora et al., 2012; Potash et al., 2015). 
Many organs experience both acute and chronic toxic effects due to lead exposure and it 
accumulates in teeth and bones (Flora et al., 2012; Gilbert & Weiss, 2006; Rosin, 2009). 
Lead toxicity and dental caries share similar sociodemographic risk factors, as both 
of them disproportionately affect specific segments of the population. Racial disparities in 
dental caries was clearly observed in the National Health and Nutrition Examination Sur-
vey, 2011–2012 data which revealed that the prevalence of dental caries among 2-8 years 
old children was significantly higher among African American children compared to non-
Hispanic White children (Dye et al., 2015). Moreover, there are significant disparities in 
both the extent and the severity of dental caries between children from different socioeco-
nomic levels. Two to eleven year old children from low-income families were more than 
twice as likely to have untreated teeth compared to children from higher income families 
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(Edelstein, 2008). Lead exposures also demonstrate these disparities. Low income and Af-
rican American children are disproportionately afflicted with higher blood lead levels com-
pared to other children (Chandran & Cataldo, 2010; Jones et al., 2009; Schnur & John, 
2014).  
Several studies investigated the relationship between lead exposure and dental car-
ies, motivated by the known accumulation of lead in teeth (Alomary et al., 2013; Barbosa 
et al., 2005). Potential mechanisms explaining this possible association include lead’s ef-
fects on enamel formation, where it integrates into enamel during both pre-eruptive and 
post-eruptive mineralization phases (Alomary et al., 2013; Youravong et al., 2005; 
Youravong et al., 2006). Lead may also influence caries development through its effects 
on salivary gland development and function, and its interference with fluoride uptake in 
saliva (Gerlach et al., 2002; Watson et al., 1997). However, these mechanisms remain un-
proven, with epidemiological and ecological studies producing conflicting results. 
Using NHANES III, Moss et al. reported a significant association between blood 
lead level and dental caries in both deciduous and permanent teeth (Moss et al., 1999). 
Similarly, Wiener et al. found a strong association between blood lead exposure and dental 
caries prevalence in children aged 24–72 months (Wiener et al., 2015). On the other hand, 
Campbell et al. [2000] found that an exposure of >10 μg/dl in toddlers was not associated 
with subsequent dental caries development when they reached school age (Campbell et al., 
2000). Moreover, Gemmel et al detected a positive association between blood lead level 
and dental caries among urban children, but not among the rural subgroup (Gemmel et al., 
2002). 
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These studies examining the association between lead exposure and dental caries provide 
inconsistent results, which need to be further evaluated in a longitudinal study design, 
which can better examine the temporal relationships, while controlling for potential con-
founders. Exploring this relationship among ethnic minorities, such as African Ameri-
cans, is especially important due to their higher risk of lead exposure, with subsequent 
greater risk of lead related chronic conditions. Therefore, the aim of this study was to as-
sess the cross-sectional and longitudinal relationships between lead toxicity and dental 
caries among low-income African American children. 
Methods 
Study Population: 
Data used in this study were collected as part of the Detroit Center for Research on Oral 
Health Disparities, also known as the Detroit Dental Health Project (DDHP), one of five 
centers for research to reduce oral health disparities across the United States. The DDHP 
research program was established to promote oral health and reduce the disparities in oral 
health within the community of low-income African-American families, develop a multi-
disciplinary cadre of health providers knowledgeable about oral health care and research, 
and assist in the provision of dental care services to low-income and dentally underserved 
residents of the City of Detroit. The DDHP selected a population-based, representative 
sample of African–American families based on a stratified two-stage area probability sam-
ple of households in 39 selected low-income census tracts in Detroit. Eligible households 
had at least one African American child aged less than 6 years at baseline, and had incomes 
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below 250% of the federal poverty line. One thousand and twenty-six blocks were the pri-
mary sampling units in the first stage. Segments (groups of blocks) were created so that 
each segment contained at least 100 households, giving a total of 118 segments. In the 
second stage, trained study staff listed all addresses in each segment. Approximately 
14,000 housing units were listed, and systematic probability proportionate to size selection 
method was used to subsample 12,655 housing units from the 118 sample segments. Out 
of the 12,655 housing units, 9781 housing units were successfully contacted and screened 
for eligibility. Of the 9781 contacted families, 1386 met the inclusion criteria. Of the 1386 
families with eligible children, 1,021 child–caregiver dyads completed baseline data col-
lection using face-to-face interviews and dental examinations in 2002–2003 (Wave I). At 
the 2-year follow-up in 2004–2005 (Wave II), 790 child–caregiver dyads (77.0%) returned 
to complete the interviews and receive oral examinations.  
In this analysis, we included children who had lead examination history and com-
pleted dental exam. Out of the total 1,021 children at baseline, 558 children met our inclu-
sion criteria and 433 of them returned for the 2 year follow up. Excluded children who did 
not have lead examination history were younger than those who did. The majority of ex-
cluded children were 1 year of age or younger, therefore they did not have blood lead exam. 
Data Collection 
All participants provided written consent to participate in this study. The Institutional Re-
view Board for Health Sciences at the University of Michigan approved all data-collection 
protocols, and subsequent secondary data analyses were exempt from further review (H03-
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00001546-R2). Data were collected by interview and clinical examination at a central fa-
cility in Detroit. Trained staff conducted face-to-face interviews with primary caregivers 
to attain information on socio-demographic, oral health beliefs and behavior, as well as, 
general and oral health histories of the participants. 
History of Lead Toxicity 
Children’s blood lead level was not measured as a part of the DDHP project. However, 
information regarding history of lead toxicity was collected during face-to-face interviews 
in wave I (2002-2003) by asking the primary caregiver if her child was ever treated for 
high lead level. During the study period, the American Academy of Pediatrics (AAP) 
guidelines for elevated blood lead levels (1998) indicate that a blood lead level ≥ 10 μg/dl 
is evidence of lead toxicity and requires treatment (Etzel et al., 1998; Taylor & Holtrop, 
2007). The City of Detroit identified the lead toxicity based on the AAP guidelines. 
Measurement of Dental Caries  
Dental examinations were performed by four trained dentists with good-to-excellent relia-
bility (the inter-examiner Kappa statistic ranged from 0.63 to 0.75, and the intra-examiner 
Kappa statistic ranged from 0.59 to 0.82) using the International Caries Detection and As-
sessment System (ICDAS) (Ismail et al. 2009). 
The ICDAS system was developed by an international group of caries researchers 
over the period 2002–2005 to integrate several systems of criteria into one standard system 
for caries detection and assessment. ICDAS can detect dental caries at non-cavitated stages 
and can be used in dental surveillance, research, and education, and provides a foundation 
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for incorporating and validating new caries diagnostic tools. ICDAS was designed to iden-
tify 6 phases of the carious process, ranging from first visual change in enamel cavitation 
to extensive distinct cavity with dentine visible (Ismail et al. 2008). 
Based on ICDAS criteria, assessment of caries was primarily visual, performed on 
clean and dry tooth surfaces.  First, a tooth surface was defined as either sound, sealed, 
restored, crowned, or missing, then classified using an ordinal scale from 0 (no evidence 
of caries) to 7 (extensive cavitation). The number of decayed surfaces (d), filled surfaces 
(f), and missing lesions due to caries (m) were calculated for each child. For the purposes 
of this study, the caries outcome measure for the cross-sectional analysis was dtmfs, 
where‘d’ included both non-cavitated and cavitated lesions, i.e. ICDAS categories 1–6. For 
the longitudinal analysis, the carious status of each tooth surface in the second wave was 
compared with its status in the first wave, and increments were measured for each partici-
pant. Then adjusted increments for dtmfs were calculated using the prevalence-based ad-
justment formula to adjust for reversals, which could have occurred due to examiners’ er-
rors, as well as transitions from non-cavitated caries lesions to sound tooth surfaces (Beck 
et al., 1995). 
Covariates 
Our analysis included two sets of covariates: child related factors and family related fac-
tors. Child related factors included age (range 1-5 years), gender, participation in WIC or 
Head Start, and history of asthma. In lieu of a BMI measure for young children, a BMI z-
score (weight-for-age percentile) was calculated which compared to national averages 
based on the Centers for Disease Control and Prevention 2000 growth charts (Kuczmarski 
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et al., 2002). BMI z-score was then used to classify children as not overweight (BMI <85th 
percentile), overweight (85th percentile ≤ BMI <95th percentile), or obese (BMI ≥95th 
percentile) (Lim et al., 2008).  Oral health related factors included: brushing frequency 
during the preceding week (categorized as 1 (< 7 times/week) or 2 (≥ 7 times/week), having 
dental insurance (1 = yes; 2 = no), dental visits during the study period (1 = yes; 2 = no), 
baseline dtmfs scores (categorized as 1 = none; 2 = ≤ 8; and 3 = >8), and baseline soda 
consumption which was measured as the number of days children had consumed sodas 
during the preceding week (1 = none, 2 = 1 day, 3 = 2-6 days, 4 = every day). 
Family related factors included: baseline caregiver’s age, educational attainment 
(categorized as 1 = less than high school; 2 = high-school graduate; 3=some college or 
higher), full-time employment status (1 = yes; 2 = no), family annual income (categorized 
as 1 = < $10,000; 2 = ≥ $10,000), and number of children younger than 18 years old in the 
household (categorized as 1 = one child; 2 = two children; 3 = three or more children). 
Additionally, caregiver’s baseline caries experience (DTMFS) were measured and catego-
rized into quartiles (1= 0-29, 2= 30-42, 3= 43-63, 4= 64 and more). 
Caregiver’s psychosocial factors, which could potentially influence health behav-
ior, were included in our analysis.  Depressive symptoms were calculated using the Center 
for Epidemiological Studies Depression Scale (CES-D), then re-categorized as 1 = score < 
23; or 2 = score ≥ 23, with a score of 23 or greater indicating the presence of depressive 
symptoms (Siefert et al., 2007). Parenting stress score was calculated using Abidin’s Par-
enting Stress Index (PSI) by averaging the responses to 6 questionnaire items and dichot-
omizing the scores (1 = < 75th percentile, and 2 = ≥ 75th percentile) (Abidin, 1995). This 
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measure of parenting stress showed a high level of internal consistency (alpha = 0.76) in a 
previous study (Finlayson et al., 2007). Social support was assessed based on caregivers’ 
responses to four questions about whether or not they have someone they could count on 
for errands, financial assistance, childcare, and transportation. A new variable was created 
classifying caregivers into 1 = caregivers with high support (caregivers with support in all 
four areas); and 2 = caregivers with low support (caregivers who lack of support in at least 
one of the four areas) (Finlayson et al., 2007).  
 
Statistical Analysis: 
Statistical analyses were conducted using SAS software version 9.4 (SAS Institute Inc., 
Cary, NC, USA) and STATA 14 (Stata Corp LP, College Station, Tex., USA) to estimate 
variances adjusted for the design effect. All analyses were adjusted with a sample weight 
to account for unequal selection probabilities and differential non-response.  
Simple linear regression and chi-square tests were used to evaluate unadjusted bi-
variate associations between child caries experience and background sample characteris-
tics.  As the outcome variables represented counts of surfaces that demonstrated significant 
dispersion (the variance of the count was larger than the mean), the negative binomial re-
gression model was used to assess the bivariate and multivariate relationship between his-
tory of lead toxicity and child caries experience. Variables included in the multivariate 
model were those found to be significant in the bivariate analyses, or reported to be im-
portant predictors for caries development in previous literature. Statistical significance was 
evaluated at the conventional level of P-value =0.05. 
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Results 
Table 1-1 presents background sample characteristics for children and their caregivers. 
Four out of 10 primary caregivers (40.7%) reported that their child had been treated for a 
high lead level. The average age of the children in our sample was 3.2 years. Children’s 
gender distribution was almost equal between males and females.  The majority (74.8%) 
of children were in the non-overweight group. Nearly half (46.6%) of the children partici-
pated in a WIC program, and 20.8% of them participated in a Head Start program. Almost 
90% of the children have dental insurance and 47.2% had a dental visit during the study 
period. Family characteristics showed that about 50% of caregivers were between 25 and 
34 years old. Approximately 62% were unemployed, and nearly half of the caregivers 
(45%) reported an annual household income of less than $10,000. Additionally, 44.4% of 
the caregivers did not graduate from high school. Regarding caregiver’s psychosocial char-
acteristics, the majority of caregivers (66.2%) reported high levels of social support, low 
depressive symptoms (82.6%), and low parental stress (71.4%). 
Table 1-2 illustrates the bivariate associations between background sample charac-
teristics and dental caries experience at wave I and caries incidence at wave II. Wave I 
(baseline) child’s age, participation in WIC, dental visit, soda consumption, caregiver’s 
age, and caries experience were significantly associated with child dtmfs at the baseline. 
Older children had higher dtmfs scores compared to younger children (p <0.0001). Addi-
tionally, higher dtmfs scores were found among children who had a dental visit history, 
drink soda 2-6 days/week, and children who did not participate in WIC program (p = 0.001, 
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0.01, 0.01 respectively). Moreover, children whose caregivers had more than 63 DTMFS 
score, or were 35 years of age or older, had higher dtmfs scores (p < 0.0001, 0.01 respec-
tively). Longitudinally, only child and caregiver’s baseline caries experience were signifi-
cantly and positively associated with future caries increment at wave II (p < 0.0001, 0.001 
respectively). 
 Table 1-3 presents the association between reported history of lead toxicity and 
baseline caries experience using negative binomial regression techniques to account for the 
skewed distribution of decayed, missed and filled surfaces among our participants. In un-
adjusted analysis, there was a statistically significant positive association between history 
of lead toxicity and children’s caries experience (PR = 1.58, CI =1.17-2.15). The adjusted 
analysis showed that children with a history of lead toxicity had significantly higher prev-
alence of dtmfs compared to those with no history of lead toxicity, after controlling for 
child’s age, WIC program participation, brushing frequency, dental visit, soda consump-
tion, caregiver age, annual household income, and caregiver caries experience (DTMFS) 
(PR = 1.50, CI =1.17-1.93). 
Table 1-4 illustrates the outcome of the negative binomial regression models for 
the longitudinal association between history of lead toxicity and child caries increments. 
The crude incidence rate ratio (IRR) for new dtmfs was higher among children with history 
of lead toxicity compared to others (IRR= 1.55, CI= 1.14-2.10). This association remains 
significant after controlling for child age, participation in Head Start program, brushing 
frequency, dental visit, soda consumption, child’s baseline caries experience, annual 
household income, and caregiver’s caries experience (DTMFS). Children with a history of 
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lead toxicity had a 1.36 times greater risk of developing new dtmfs compared to others 
(IRR= 1.36, CI= 1.05-1.76). 
 
 
Discussion 
In this longitudinal cohort of low-income African-American children, we examined the 
cross-sectional association between history of lead toxicity and children’s caries experi-
ence at baseline, as well as the incidence of new caries in relation to their history of lead 
toxicity. The results of our cross-sectional analyses suggest a significant positive associa-
tion between history of lead toxicity and dtmfs, even after adjustment for child’s age, par-
ticipation in WIC program, brushing frequency, dental visit, soda consumption, caregiver 
age, annual household income, and caregiver’s caries experience. The longitudinal anal-
yses also suggest that history of lead toxicity predicted future development of caries incre-
ment. This association is independent of confounding factors such as child’s age, Head 
Start program participation, brushing frequency, dental visit, soda consumption, child’s 
baseline caries experience, annual household income, and caregiver’s caries experience.  
Dental caries is a multifactorial disease, which is influenced by biological, socio-
demographic, and environmental factors (Beltrán-Aguilar et al., 2005). Notably, lead ex-
posure is an example of an environmental factor, which has been linked with dental caries 
in several epidemiological studies. Our study results are supported by prior studies that 
report lead’s effects on enamel formation, salivary gland development and function, and 
its interference with fluoride uptake in saliva. Watson et al found that pre- and perinatal 
exposure to lead in rats results in a 30% reduction in salivary flow rate, with a subsequent 
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40% increase in dental caries prevalence, compared to the control group (Watson et al., 
1997). Moreover, lead incorporates into the tooth structure both before and after tooth erup-
tion, and lead in the tooth structure may reduce enamel’s resistant to dental caries (Alomary 
et al., 2013; Wiener et al., 2015; Youravong et al., 2005). Furthermore, lead binds with 
fluoride ions in saliva and in dental plaque, where it interferes with fluoride bioavailability 
for tooth re-mineralization (Gerlach et al., 2002; Wiener et al., 2015). 
Our results support the hypothesis that lead exposure is a risk factor for dental car-
ies. We found that history of lead toxicity is a strong independent predictor for caries de-
velopment among low-income African American children. This contrasts with the results 
of Campbell et al. which found a weak association between blood lead level (≥10 μg/dl) 
and dental caries in the deciduous teeth of school aged children (OR= 1.77, p value= 0.07) 
(Campbell et al., 2000). However, their study population was quite different from our 
study, with fewer African American participants, slightly older age range (6-12 years), and 
a lower percentage of children categorized as high lead toxicity exposure. Moreover, the 
authors mention as a study limitation a lack of statistical power to detect a low, yet clini-
cally relevant, odds ratio (power < 30%). Gemmel et al.’s cross-sectional study found in-
consistent associations (only in urban, but not in rural areas) between blood lead levels and 
dental caries in deciduous teeth in targeted school aged children (6-10 years old) (Gemmel 
et al., 2002). The mean blood lead levels in that study were generally low (overall mean of 
2.3 μg/dL, urban group = μg/dL 2.9, rural group =1.7 μg/dL), which may contribute to the 
inconsistent association found between the two groups. Moreover, neither study measured 
non-cavitated caries lesions, which may underestimate the association. Our findings are 
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consistent with two previous NHANES studies assessing the association between lead ex-
posure and dental caries in children (Moss et al., 1999; Wiener et al., 2015). Moreover, our 
results are in agreement with the Youravong et al study of 292 school-aged children resid-
ing in a lead-contaminated area in Thailand (Youravong et al., 2006).  
A few limitations of this study should be noted. One is that the DDHP did not 
measure the actual blood lead level for children. Hence, we were not able to associate the 
actual blood level and caries status. Second is that the DDPH targeted only low-income 
African American children. Therefore, the findings of this study may not be generalized to 
children from other socioeconomic and racial backgrounds. Despite these limitations, to 
the best of our knowledge, this is the first study to investigate the longitudinal relationship 
between history of lead toxicity and dental caries among ethnic minorities. Our sample 
consists of African American preschool children, who are known to be at higher risk of 
lead exposure. During the time period between 1997 and 2000, the city of Detroit had the 
highest rate of childhood lead toxicity in the state of Michigan, with more than fifteen 
thousand children diagnosed with lead toxicity compared to 13,704 cases reported by the 
rest of the state (Taylor & Holtrop, 2007). Despite continued efforts to decrease environ-
mental lead exposure over the past decades through legal restrictions on industrial emis-
sions and removing lead from paint and gasoline, lead exposure remains a critical environ-
mental health issue in the United States. A recent lead toxicity crisis - the Flint drinking 
water crisis (Flint, Michigan) - occurred due to the use of an old water distribution system 
with a high percentage of lead pipes and lead plumbing. This exposure doubled the per-
centage of children with elevated blood lead levels, with the greatest effects occurring 
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among the socioeconomically disadvantaged population (Hanna-Attisha et al., 2016). A 
continued diligent effort to eliminate environmental lead exposure, especially among high-
risk African Americans, is crucial to improving the health and well-being of the population.  
In conclusion, this two-year longitudinal study of low-income African American 
children supports the hypothesis that lead exposure is a risk factor for dental caries. The 
results indicate that children with history of lead toxicity are at a higher risk of developing 
dental caries compared to others. Therefore, children with history of lead toxicity should 
be given special consideration in caries risk assessment and caries prevention programs. 
The findings underscore the importance of prevention of lead exposure among young chil-
dren. 
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Tables 
 
Table 1-1.  Background Sample Characteristics for African-American Children (n=558) 
 
Frequency (Weighted %) 
 
Child’s Characteristics   
Age  (mean years ± SE) 3.2 ± 0.10 
Gender 
Male 
Female 
 
259 (49.4) 
299 (50.6) 
Participation in WIC  
Yes 
No 
 
247 (46.6) 
311 (53.4) 
Participation in Head Start 
Yes 
No 
 
107 (20.8) 
451 (79.2) 
Child Weight status  
Non-overweight (BMI < 85%)  
Overweight (85% ≤ BMI < 95%) 
Obese (BMI ≥ 95%) 
 
420 (74.8) 
78 (13.7) 
59 (11.5) 
History of Asthma Diagnosis 
Yes 
No 
 
117 (22.1) 
441 (77.9) 
History of lead toxicity  
Yes 
No 
 
229 (40.7) 
329 (59.3) 
Dental insurance 
Yes 
No 
 
491 (89.9) 
67 (10.1) 
Brushing Frequency 
Less than once per day 
Once per day or more 
 
192 (35.9) 
366 (64.1) 
Dental Visit 
Yes 
 No 
 
244 (47.2) 
299 (52.8) 
Soda consumption 
None 
 
180 (34.3) 
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1 day per week 
2-6 days per week 
Every day per week 
59 (10.5) 
219 (39.5) 
96 (15.7) 
Dental caries experience (mean ± SE) 
dtmfs† 
 
5.92 ± 0.43 
Family  Characteristics   
Caregiver’s Age 
Less than 25yrs. 
25-34 
35 yrs. ore more 
 
165 (29.3) 
266 (49.2) 
127 (21.5) 
Caregiver’s Education level 
Less than High School 
High school graduate 
Some college or higher 
 
245 (44.4) 
175 (30.3) 
138 (25.3) 
Caregiver’s Full Time Employment  
Yes 
No 
 
223 (38.5) 
335 (61.5) 
Annual Household Income 
Less than $10 000 
≥ $10 000 
 
243 (44.6) 
315 (55.4) 
Caregiver’s Social support 
Low 
High (support from all four areas) 
 
197 (33.8) 
361 (66.2) 
Caregiver’s Parental stress 
Low 
High (≥75th %) 
 
416 (71.4) 
142 (28.6) 
Depressive symptoms 
Low  
High (CESD ≥ 23) 
 
455 (82.6) 
103 (17.4) 
No. of children <18 year in the household  
1  
2  
≥ 3 
 
114 (15.6) 
145 (25.3) 
280 (59.1) 
† dtmfs: Cavitated and noncavitated surfaces (dt), missing owing to caries (m), filled (f) surfaces (s). 
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Table 1-2. Association between Baseline Sample Characteristics and Child Caries Expe-
rience at Wave I (n=558) and Caries Incidence at Wave II (n=433) 
 dtmfs† at wave I  New dtmfs at wave II 
 Weighted Mean ±SE P value Weighted Mean ±SE P value 
Baseline Child’s Characteristics      
Age Continuous  <.0001 Continuous  0.26 
Gender 
Male 
Female 
 
5.99 ± 0.92 
5.86 ± 0.56 
 
0.92 
 
3.47± 0.40 
3.56 ± 0.33 
 
0.86 
Participation in WIC  
Yes 
No 
 
4.30 ± 0.57 
7.34 ± 0.77 
 
0.01 
 
3.40 ± 0.38 
3.64 ± 0.38 
 
0.64 
Participation in Head Start 
Yes 
No 
 
7.60 ± 1.28 
5.48 ± 0.55 
 
0.18 
 
2.87± 0.42 
3.70 ± 0.32 
 
0.09 
Child Weight status  
Non-overweight  
Overweight  
Obese  
 
5.93 ± 0.65 
6.85 ± 1.50 
4.92 ± 1.17 
 
 
0.61 
 
3.80 ± 0.32 
2.80 ± 0.52 
2.68 ± 0.73 
 
 
0.17 
History of Asthma Diagnosis 
Yes 
No 
 
5.94 ± 0.69 
5.92 ± 0.51 
 
0.98 
 
3.39 ± 0.48 
3.56 ± 0.33 
 
0.76 
Dental insurance 
Yes 
No 
 
5.94 ± 0.47 
5.80 ± 1.50 
 
0.93 
 
3.61 ± 0.28 
2.64 ± 0.67 
 
0.14 
Brushing Frequency 
Less than once per day 
Once per day or more 
 
4.77 ± 0.82 
6.57 ± 0.59 
 
0.11 
 
3.22 ± 0.40 
3.69 ± 0.40 
 
0.44 
Dental Visit 
Yes 
 No 
 
8.44 ± 0.82 
4.09 ± 0.65 
 
0.001 
 
3.16 ± 0.44 
4.01 ± 0.38 
 
0.15 
Soda consumption 
None 
1 day per week 
2-6 days per week 
Every day per week 
 
4.54 ± 0.63 
6.45 ± 1.11 
7.11 ±  0.76 
5.49 ± 1.08 
 
 
0.010 
 
2.82 ± 0.44 
4.45 ± 0.75 
3.93 ± 0.46 
3.42 ± 0.70 
 
 
0.15 
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Baseline Caries 
None 
1-8 
>8 
 
 
- 
 
 
- 
 
2.12 ± 0.29 
3.81 ± 0.64 
5.67 ± 0.66 
 
 
<.0001 
 
Baseline Family  Characteristics      
Caregiver’s Age 
Less than 25yrs. 
25-34 
35 yrs. ore more 
 
4.46 ± 0.79 
5.24 ± 0.48 
9.48 ± 1.27 
 
 
0.010 
 
3.82 ± 0.64 
3.25 ± 0.35 
3.71 ± 0.61 
 
 
0.64 
Caregiver’s Education level 
Less than High School 
High school graduate 
Some college or higher 
 
6.63 ± 0.93 
4.92 ± 0.52 
5.90 ± 0.83 
 
 
0.26 
 
3.45 ± 0.46 
3.64 ± 0.44 
3.48 ± 0.67 
 
 
0.94 
Caregiver’s Full-time Employ-
ment  
yes 
No 
 
 
4.96 ± 0.48 
6.52 ± 0.71 
 
 
0.120 
 
 
3.51 ± 0.46 
3.52 ± 0.35 
 
 
0.98 
Annual Household Income 
Less than $10 000 
≥ $10 000 
 
6.27 ± 0.74 
5.65 ± 0.47 
 
0.48 
 
3.19 ± 0.38 
3.77 ± 0.37 
 
0.24 
Caregiver caries experience 
(DTMFS) 
0-29 
30-42 
43-63 
More than 63 
 
 
3.34 ± 0.48 
5.28 ± 0.77 
5.03 ± 1.01 
9.98 ± 0.95 
 
 
 
<.0001 
 
 
2.64 ± 0.42 
3.27 ± 0.60  
2.36 ±  0.36 
5.59 ± 0.62 
 
 
 
0.001 
Caregiver’s Social support 
Low 
High (support from all four areas) 
 
6.23 ± 0.77 
5.77 ± 0.60 
 
0.67 
 
3.38 ± 0.33 
3.59 ± 0.37  
 
0.67 
Caregiver’s Parental stress 
Low 
High (≥75th %) 
 
6.00 ± 0.60 
5.73 ± 0.83 
 
0.82 
 
3.64 ± 0.38 
3.21 ± 0.41 
 
0.48 
Depressive symptoms 
Low  
High (CESD ≥ 23) 
 
5.92 ± 0.45 
5.95 ± 0.99 
 
0.97 
 
3.61 ± 0.31 
3.07± 0.41 
 
0.25 
No. of children <18 year in the 
household  
1  
2  
≥ 3 
 
 
6.61 ± 1.13 
5.27 ± 0.59 
5.95 ± 0.55 
 
 
0.44 
 
 
4.17 ± 0. 92 
3.41 ± 0.45 
3.47 ± 0.41 
 
 
0.67 
† dtmfs: Cavitated and noncavitated surfaces (dt), missing owing to caries (m), filled (f) surfaces (s). 
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Table 1-3. PRs† and 95% Confidence Intervals for Child Caries Experience at Wave I 
According to Child History of Lead Toxicity (n=558) 
Variables  dtmfs 
 Unadjusted PR† 95% CI Adjusted‡ PR 95% CI 
History of Lead Toxicity     
Yes 1.58 1.17-2.15** 1.50 1.17-1.93** 
No ref ref ref ref 
†PR: Prevalence ratio using negative binomial regression 
** Statistically significant (p value <0.01) 
‡ Model adjusted for child’s age, participation in WIC program, brushing frequency, dental visit, soda con-
sumption, caregiver’s age, annual household income and caregiver’s caries experience (DTMFS). 
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Table 1-4. Incidence Rate Ratio (IRR) and 95% Confidence Intervals for Child Caries In-
cidence at Wave II According to Child History of Lead Toxicity (n= 433) 
Variables New dtmfs 
History of Lead Toxicity  Unadjusted IRR 95% CI Adjusted‡ IRR 95% CI 
Yes 1.55 1.14-2.10** 1.36 1.05-1.76* 
No ref ref ref ref 
* Statistically significant (p value <0.05) 
** Statistically significant (p value <0.01) 
‡ Model adjusted for child’s age, participation in Head Start program, brushing frequency, dental visit, soda 
consumption, child’s baseline caries experience, annual household income and caregiver’s caries experi-
ence (DTMFS). 
  
 63 
 References to Chapter 3 
Abidin RR. 1995. Parenting stress index . odessa, FL: Psychological assessment re-
sources. . 
Alomary A, Al-Momani I, Obeidat S, Massadeh A. 2013. Levels of lead, cadmium, cop-
per, iron, and zinc in deciduous teeth of children living in irbid, jordan by ICP-OES: 
Some factors affecting their concentrations. Environmental Monitoring and Assess-
ment 185(4):3283-95. 
Barbosa Jr F, Tanus-Santos JE, Gerlach RF, Parsons PJ. 2005. A critical review of bi-
omarkers used for monitoring human exposure to lead: Advantages, limitations, and 
future needs. Environmental Health Perspectives :1669-74. 
Beck JD, Lawrence HP, Koch GG. 1995. A method for adjusting caries increments for 
reversals due to examiner misclassification. Community Dentistry and Oral Epide-
miology 23(6):321-30. 
Beltrán-Aguilar ED, Barker LK, Canto MT, Dye BA, Gooch BF, Griffin SO, Hyman J, 
Jaramillo F, Kingman A, Nowjack-Raymer R. 2005. Surveillance for dental caries, 
dental sealants, tooth retention, edentulism, and enamel fluorosisdUnited states, 
1988–1994 and 1999–2002. MMWR Surveillance Summaries 54(3):1-43. 
Blumenshine SL, Vann WF, Gizlice Z, Lee JY. 2008. Children's school performance: Im-
pact of general and oral health. Journal of Public Health Dentistry 68(2):82-7. 
Campbell JR, Moss ME, Raubertas RF. 2000. The association between caries and child-
hood lead exposure. Environmental Health Perspectives 108(11):1099-102. 
 64 
Centers for Disease Control and Prevention (US). 2005. Surveillance for dental caries, 
dental sealants, tooth retention, edentulism, and enamel fluorosis: United states, 
1988-1994 and 1999-2002. Department of Health and Human Services, Centers for 
Disease Control and Prevention. 
Chandran L and Cataldo R. 2010. Lead poisoning: Basics and new developments. Pediat-
rics in Review 31(10):399-405. 
Cox DC, O'Haver R, Salatino B, Holmes D, Pinzer EA, Warren Friedman PhD C. 2015. 
Prevalence of lead hazards and soil arsenic in US housing. Journal of Environmental 
Health 78(5):22. 
Dye BA, Thornton-Evans G, Li X, Iafolla TJ. 2015. Dental caries and sealant prevalence 
in children and adolescents in the united states, 2011-2012. US Department of 
Health and Human Services, Centers for Disease Control and Prevention, National 
Center for Health Statistics. 
Edelstein BL. 2008. Environmental factors in implementing the dental home for all 
young children. National Oral Health Policy Centre at Children’s Dental Health Pro-
ject . 
Etzel RA, Balk SJ, Bearer CF, Miller MD, Shannon MW, Shea KM, Falk H, Goldman 
LR, Miller RW, Rogan W. 1998. Screening for elevated blood lead levels. Pediatrics 
101(6):1072-8. 
Fejerskov O. 2004. Changing paradigms in concepts on dental caries: Consequences for 
oral health care. Caries Research 38(3):182-91. 
 65 
Finlayson TL, Siefert K, Ismail AI, Sohn W. 2007. Maternal self‐efficacy and 1–5‐year‐
old children's brushing habits. Community Dentistry and Oral Epidemiology 
35(4):272-81. 
Flora G, Gupta D, Tiwari A. 2012. Toxicity of lead: A review with recent updates. Inter-
disciplinary Toxicology 5(2):47-58. 
Gemmel A, Tavares M, Alperin S, Soncini J, Daniel D, Dunn J, Crawford S, Braveman 
N, Clarkson TW, McKinlay S, et al. 2002. Blood lead level and dental caries in 
school-age children. Environmental Health Perspectives 110(10):A625-30. 
Gerlach RF, Cury JA, Krug FJ, Line SR. 2002. Effect of lead on dental enamel for-
mation. Toxicology 175(1):27-34. 
Gilbert SG and Weiss B. 2006. A rationale for lowering the blood lead action level from 
10 to 2μg/dL. Neurotoxicology 27(5):693-701. 
Hanna-Attisha M, LaChance J, Sadler RC, Champney Schnepp A. 2016. Elevated blood 
lead levels in children associated with the flint drinking water crisis: A spatial analy-
sis of risk and public health response. American Journal of Public Health 
106(2):283-90. 
Holt K and Kraft K. 2005. Oral health and learning: When children's oral health suffers, 
so does their ability to learn. Journal - Oklahoma Dental Association 97(1):24-5. 
Ismail AI, Sohn W, Tellez M, Willem JM, Betz J, Lepkowski J. 2008. Risk indicators for 
dental caries using the international caries detection and assessment system 
(ICDAS). Community Dentistry and Oral Epidemiology 36(1):55-68. 
 66 
Ismail AI, Sohn W, Lim S, Willem JM. 2009. Predictors of dental caries progression in 
primary teeth. Journal of Dental Research 88(3):270-5. 
Jones RL, Homa DM, Meyer PA, Brody DJ, Caldwell KL, Pirkle JL, Brown MJ. 2009. 
Trends in blood lead levels and blood lead testing among US children aged 1 to 5 
years, 1988-2004. Pediatrics 123(3):e376-85. 
Kuczmarski RJ, Ogden CL, Guo SS, Grummer-Strawn LM, Flegal KM, Mei Z, Wei R, 
Curtin LR, Roche AF, Johnson CL. 2002. 2000 CDC growth charts for the united 
states: Methods and development. Vital and Health Statistics.Series 11, Data from 
the National Health Survey (246)(246):1-190. 
Lim S, Sohn W, Burt BA, Sandretto AM, Kolker JL, Marshall TA, Ismail AI. 2008. Cari-
ogenicity of soft drinks, milk and fruit juice in low-income african-american chil-
dren: A longitudinal study. The Journal of the American Dental Association 
139(7):959-67. 
Mattila ML, Rautava P, Sillanpaa M, Paunio P. 2000. Caries in five-year-old children and 
associations with family-related factors. Journal of Dental Research 79(3):875-81. 
Moss ME, Lanphear BP, Auinger P. 1999. Association of dental caries and blood lead 
levels. Jama 281(24):2294-8. 
Pahel BT, Rozier RG, Slade GD. 2007. Parental perceptions of children's oral health: The 
early childhood oral health impact scale (ECOHIS). Health and Quality of Life Out-
comes 5(1):1. 
 67 
Palmer CA, Kent R,Jr, Loo CY, Hughes CV, Stutius E, Pradhan N, Dahlan M, Kanasi E, 
Arevalo Vasquez SS, Tanner AC. 2010. Diet and caries-associated bacteria in severe 
early childhood caries. Journal of Dental Research 89(11):1224-9. 
Potash Eric, Brew Joe, Loewi Alexander, Majumdar Subhabrata, Reece Andrew, Walsh 
Joe, Rozier Eric, Jorgenson Emile, Mansour Raed and Ghani Rayid. 2015. Predictive 
modeling for public health: Preventing childhood lead poisoning. Proceedings of the 
21th ACM SIGKDD international conference on knowledge discovery and data min-
ingACM. 2039 p. 
Reisine S and Douglass JM. 1998. Psychosocial and behavioral issues in early childhood 
caries. Community Dentistry and Oral Epidemiology 26(S1):32-44. 
Rosin A. 2009. The long-term consequences of exposure to lead. The Israel Medical As-
sociation Journal : IMAJ 11(11):689-94. 
Schnur J and John RM. 2014. Childhood lead poisoning and the new centers for disease 
control and prevention guidelines for lead exposure. Journal of the American Associ-
ation of Nurse Practitioners 26(5):238-47. 
Scully C. 2000. Oral health in america: A report of the surgeon general. . 
Siefert K, Finlayson TL, Williams DR, Delva J, Ismail AI. 2007. Modifiable risk and pro-
tective factors for depressive symptoms in low-income african american mothers. 
American Journal of Orthopsychiatry 77(1):113. 
 68 
Talekar BS, Rozier RG, Slade GD, Ennett ST. 2005. Parental perceptions of their pre-
school-aged children's oral health. The Journal of the American Dental Association 
136(3):364-72. 
Tanzer JM, Livingston J, Thompson AM. 2001. The microbiology of primary dental car-
ies in humans. Journal of Dental Education 65(10):1028-37. 
Taylor JY and Holtrop TG. 2007. Yemeni families and child lead screening in detroit. 
Journal of Transcultural Nursing : Official Journal of the Transcultural Nursing So-
ciety 18(1):63-9. 
Watson GE, Davis BA, Raubertas RF, Pearson SK, Bowen WH. 1997. Influence of ma-
ternal lead ingestion on caries in rat pups. Nature Medicine 3(9):1024-5. 
Wiener RC, Long DL, Jurevic RJ. 2015. Blood levels of the heavy metal, lead, and caries 
in children aged 24-72 months: NHANES III. Caries Research 49(1):26-33. 
Youravong N, Chongsuvivatwong V, Geater AF, Dahlén G, Teanpaisan R. 2006. Lead 
associated caries development in children living in a lead contaminated area, thai-
land. Science of the Total Environment 361(1):88-96. 
Youravong N, Chongsuvivatwong V, Teanpaisan R, Geater AF, Dietz W, Dahlén G, 
Norén JG. 2005. Morphology of enamel in primary teeth from children in thailand 
exposed to environmental lead. Science of the Total Environment 348(1):73-81.  
  
 
 
 69 
  
 70 
CHAPTER 4: THE ASSOCIATION BETWEEN LEAD EXPOSURE AND 
DENTAL CARIES AMONG AFRICAN AMERICA ADULTS 
Introduction 
Dental caries is considered as one of the most common oral health diseases that affects all 
ages. In the United States, approximately 91% of adults aged 20–64 had dental caries in 
2011–2012, with 27% of older adults (age, 45–64 years) having untreated dental caries 
(Dye et al. 2015). This high prevalence of dental caries poses a significant public health 
challenge when taking into consideration the negative effect of dental caries on a person 
life (Tinanoff and Reisine 2009). Dental caries causes pain and infection which may affect 
basic vital functions such as eating, speaking, sleeping and overall quality of life (Blumen-
shine et al. 2008; Holt and Kraft 2005; Mattila et al. 2000; Pahel, Rozier, Slade 2007; 
Talekar et al. 2005). 
 Dental caries is a multifactorial disease where environmental, behavioral and psy-
chosocial factors can play significant roles in its development (Reisine and Douglass 1998). 
Lead exposure is one of the environmental factors that has been related to dental caries in 
many epidemiological studies. Environmental lead exposure shares similar sociodemo-
graphic risk factors with dental caries, as both of them disproportionately affect specific 
segments of the population.  Racial disparities in dental caries were clearly documented in 
the literature. Among adults, non-Hispanic blacks had a consistently higher prevalence of 
dental caries compared to others, with 37.7% in 2005–2006 and 34.3% in 2007–2008, us-
ing National Health and Nutrition Examination Survey data (Liu, Li, Walker 2014). More-
over, the prevalence of untreated dental caries in 2011-2012 NHANES cycles was almost 
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twice as high for non-Hispanic black (42%) compared with non-Hispanic white (22%) and 
Asian (17%) adults (Dye et al. 2015).  Lead exposures also demonstrate these disparities 
with African Americans are disproportionately afflicted with higher blood lead levels com-
pared to others (Chandran and Cataldo 2010; Jones et al. 2009; Schnur and John 2014).  
Lead exposure has been shown to have long-lasting adverse health effects including 
hypertension, nephropathy, anemia, infertility, etc.  (Dapul and Laraque 2014; Flora, 
Gupta, Tiwari 2012; Kim et al. 2015; Patrick 2006). The relationship between lead expo-
sure and dental caries has been examined in the literature inspired by the known accumu-
lation of lead in teeth (Alomary et al. 2013; Barbosa Jr et al. 2005). Mechanisms that have 
been offered to explain this relationship include lead’s effects on salivary gland develop-
ment and function, and its interference with fluoride uptake in saliva (Gerlach et al. 2002; 
Watson et al. 1997).  
Several studies reported an association between high lead exposure and higher den-
tal caries experience among children (Amin 2014; Moss, Lanphear, Auinger 1999; Wiener, 
Long, Jurevic 2015). However, limited studies have examined the effect of lead exposure 
on the prevalence of dental caries among adults. Chang et al. found that blood lead level 
was not associated with the presence of caries among 293 college students in Taiwan 
(Chang et al. 2010). On the other hand, Nriagu et al. found a significant association between 
blood lead level and dental caries in low-income African American adults (Nriagu et al. 
2006). However, this study did not adjust for potential confounders of this association such 
age, and socioeconomic status. Therefore, the aim of this study was to assess the relation-
ships between lead exposure and dental caries among low-income African American 
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adults. Studying this relationship among ethnic minorities, such as African-Americans, is 
especially important due to their higher risk of lead exposure, with subsequent greater risk 
of lead related chronic conditions.  
Methods 
Study Population: 
Data used in this study were collected as part of the Detroit Center for Research on Oral 
Health Disparities, also known as the Detroit Dental Health Project (DDHP), one of five 
Centers for Research to Reduce Oral Health Disparities across the United States. The pop-
ulation-based sample of African–American families was selected based on a stratified two-
stage area probability sample of households in 39 selected low-income census tracts in 
Detroit. One thousand and twenty-six blocks were the primary sampling units in the first 
stage. Segments (groups of blocks) were created so that each segment contained at least 
100 households, giving 118 segments. In the second stage, trained study staff listed all 
addresses in each segment. Approximately 14,000 housing units were listed, and system-
atic probability proportionate to size selection method was used to subsample 12,655 hous-
ing units from the 118 sample segments. Out of the 12,655 housing units, 9781 housing 
units were successfully contacted and screened for eligibility. Eligible households had at 
least one African American child aged less than 6 years at baseline, and had incomes below 
250% of the federal poverty line. Of the 9781 contacted families, 1386 met the inclusion 
criteria. Of the 1386 families with eligible children, 1,021 child–caregiver dyads completed 
data collection using face-to-face interviews and dental examinations in 2002–2003. Out 
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of the 1024, 920 African–American adults have completed the interview and have usable 
blood sample.  
Data Collection 
All participants provided written consent to participate in this study. The Institutional Re-
view Board for Health Sciences at the University of Michigan approved all data collection 
protocols, and subsequent secondary data analyses were exempt from further review (H03-
00001546-R2). Face-to-face interviews, dental examinations, and collection of blood sam-
ples were conducted at a central facility in Detroit. Trained staff conducted face-to-face 
interviews to attain information on socio-demographic, oral health beliefs and behavior, as 
well as, general and oral health histories of the participants. 
Measurement of Dental Caries: 
Dental examinations were performed by four trained dentists with good-to-excellent relia-
bility (the inter-examiner Kappa statistic ranged from 0.63 to 0.75, and the intra-examiner 
Kappa statistic ranged from 0.59 to 0.82) using the International Caries Detection and As-
sessment System (ICDAS). 
The ICDAS system was developed by an international group of caries researchers 
over the period 2002–2005 to integrate several systems of criteria into one standard system 
for caries detection and assessment. ICDAS can detect dental caries at non-cavitated stages 
and can be used in dental surveillance, research, and education, and provides a foundation 
for incorporating and validating new caries diagnostic tools. ICDAS was designed to iden-
tify 6 phases of the carious process, ranging from the first visual change in enamel cavita-
tion to the extensive distinct cavity with dentine visible. 
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Based on ICDAS criteria, assessment of caries was primarily visual, performed on 
clean and dry tooth surfaces.  First, a tooth surface was defined as either sound, sealed, 
restored, crowned, or missing, then classified using an ordinal scale from 0 (no evidence 
of caries) to 7 (extensive cavitation). The number of decayed surfaces (d), filled surfaces 
(f), and missing lesions due to caries (m) were calculated for each participant. The outcome 
measures for this study were d2mfs, where‘d’ represents cavitated lesions (i.e. ICDAS cat-
egories 4–6), and dtmfs, where‘d’ represents both non-cavitated and cavitated lesions (i.e. 
ICDAS categories 1–6). 
Measurement of Lead Exposure: 
For this study, the blood lead level was used as a measure for individual lead exposure 
(categorized into High, blood lead level ≥ 5 µg/dL and Low, blood lead level < 5 µg/dL 
according to CDC definition of elevated blood lead level in adults) (center for disease con-
trol and prevention 2016). The blood sample was taken with the finger-stick method at the 
same day of the interviews and clinical examination. The participant was asked to wash 
his/her hands thoroughly with low-metal soap. After that, the middle finger was wiped 
thoroughly with acetone and dried, and then the puncture area, was cleaned with Milli-Q 
and again wiped dry, and then punctured with a B-D green Genie microtainer safety-flow 
lancet (Becton-Dickensons, New Jersey). The first drop of blood was wiped off and was 
not included in the sample. Later blood drops were collected while participant holding his 
finger in a downward-pointing position. Each participant provided 2 samples, each of 16 
ml, collected with a pipette (Brinkman Eppendorf series 2000s), and then poured into a 
LDPE tube containing 5ml of 0.1% aqueous Triton X-100, 0.1% ammonium phosphate 
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(NH4H2PO4), and 1 mg/ml of sodium heparin (diluent). The LDPE tube containing the 
sample was capped, placed in a zip lock bag and kept in the refrigerator until transported 
to the laboratory at the end of each day. 
Covariates 
Interviewers collected sociodemographic information from the participants including age, 
sex, educational attainment (categorized as 1 = less than high school; 2 = high school grad-
uate; 3=some college or higher), full-time employment status (1 = yes; 2 = no), and family 
annual income (categorized as 1 = < $10,000; 2 = ≥ $10,000. 
Oral health-related factors included: brushing frequency during the preceding week 
(categorized as 1 (< 7 times/week) or 2 (≥ 7 times/week), type of dental insurance (1 = 
private; 2 = Medicaid; 3= no insurance), and reason for past dental visit (1 = prevention; 2 
= treatment; 3 = both; 4 = no dental visit), and smoking status, which was categorized into 
(1=ever been smoker; 2=nonsmokers). Individuals who reported that they had never 
smoked or smoked less than 100 cigarettes during their lifetimes were classified as never 
smokers. Ever been smokers were defined as participants who smoked at least 100 ciga-
rettes during their lifetimes. 
Statistical Analysis: 
Statistical analyses were conducted using SAS software version 9.4 (SAS Institute Inc., 
Cary, NC, USA) to estimate variances adjusted for the design effect. All analyses were 
adjusted with a sample weight to account for unequal selection probabilities and differen-
tial non-response.  
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Simple linear regression was used to evaluate unadjusted bivariate associations between 
participants caries experience and background sample characteristics. Multivariate linear 
regression analysis was performed to assess the association between blood lead level and 
caries experience while adjusting for other covariates. Variables included in the multivar-
iate model were those found to be significant in the bivariate analyses or reported to be 
important predictors for caries development in previous literature. Statistical significance 
was evaluated at the conventional level of P-value =0.05. 
 
Results 
Table 2-1 presents background sample characteristics for the participants. The mean blood 
lead level in our sample was 2.78 ± 2.6, which is higher than the US averages for African 
American of a similar age (Centers for Disease Control and Prevention (CDC) 2005). 
Around 10% of the sample had high blood lead level (≥ 5 µg/dL.) The average age of the 
participants in our sample was 28.9 years. The majority (35%) were less than 25 years of 
age. Almost 96% of the participants in our sample were female. Approximately 64% were 
unemployed, and nearly half of the subjects (45%) reported an annual household income 
of less than $10,000. Additionally, 44.7% of them did not graduate from high school. Re-
garding oral health-related factors, 45.1% of the participants had smoked at least 100 cig-
arettes or cigars in their entire life.  The majority (78%) reported brushing once per day or 
more. Only 20.7% of the subjects reported that they did not have previous visit to a dentist, 
and 65.2% of the participants had Medicaid insurance.  
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Table 2-2 presents the results of a bivariate analysis of the association between 
blood lead level and background sample characteristics. Blood lead level was significantly 
associated with participants’ age, gender, and smoking status (p = 0.02, p= 0.001, and 
p=0.004, respectively). About 41% of those with high blood lead level were between 25 
and 34 years of age. Almost 90% of the participants with high lead level were female. 
About 30% of those with high blood level were age 35 or greater compared to 16% of those 
with low blood lead. Twelve percent of participants with high lead level were male com-
pared to 3% with low lead. While the majority of participants with low lead level were 
non-smokers (56.4%), the majority of participants with high lead level were those who 
smoked at least 100 cigarettes during their lifetimes (57.7%).  
Table 2-3 illustrates the bivariate associations between background sample charac-
teristics and dental caries experience measured by D2MFS and DTMFS. Age, smoking 
status, and the reason for the dental visit were significantly associated with participant’s 
caries experience. Older subjects had higher DTMFS/D2MFS scores compared to younger 
subjects (p <0.0001). Additionally, lower DTMFS/D2MFS scores were found among sub-
ject who had a preventive dental visit and never smoked at least 100 cigarettes or cigars in 
their entire life (p = <0.0001, <0.0001 respectively).  
 Tables 2-4 and 2-5 presents the association between blood lead level and subject’s 
caries experience (DTMFS/D2MFS). In unadjusted analysis, there was a statistically sig-
nificant positive association between blood lead level and D2MFS (p value= 0.02). More-
over, there was marginal significant association between blood lead level and DTMFS (p 
value= 0.07) (table 2-4). After controlling for age, income, brushing frequency, type of 
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insurance, smoking status, and the reason for dental visit, we found those with high blood 
lead level had shown higher caries experience measured by D2MFS and DTMFS. How-
ever, this association did not reach the significant level of α = 0.05 (table 2-5). Age, reason 
for dental visit, and smoking status found to be significant indicators for participant’s caries 
experience. Older age group had significantly higher mean D2MFS/DTMFS compared to 
younger age group.  Those who had a previous treatment dental visit or both treatment and 
prevention dental visit had significantly higher caries experience compared to those who 
visited dentists for preventive care. Moreover, those who were ever been smokers had sig-
nificantly higher caries experience compared to none smokers. 
Discussion 
In this study of low-income African American adults, although those with high blood lead 
level had shown higher caries experience compared to those with low blood lead level, this 
association did not reach the significant level after controlling for potential confounder 
such as for age, income, brushing frequency, type of insurance, smoking status, and reason 
for dental visit. This association did not change after stratifying with smoking status and 
income level. 
 Dental caries is a multifactorial disease, which is influenced by biological, socio-
demographic, and environmental factors (Reisine and Douglass 1998). Environmental lead 
exposure is an example of an environmental factor that has been related to dental caries in 
several epidemiological studies. Several mechanisms have been hypothesized to explain 
this association including lead’s effects on salivary gland development and function, and 
its interference with fluoride uptake in saliva (Gerlach et al. 2002; Watson et al. 1997). 
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Lead destroys the acinar cells of the parotid gland, leading to a reduce calcium, protein, 
and N-aacetyl-β-D-Glucosaminidase (NAG) concentration in the saliva (Abdollahi, Rah-
mat-Jirdeh, Soltaninejad 2001). Watson et al found that 30% reduction in salivary flow rate 
from the parotid gland, along with a 40% increase in dental caries prevalence with high 
lead exposure among rats compared to the control group (Watson et al. 1997). Furthermore, 
lead binds with fluoride ions in saliva and in dental plaque and interferes with fluoride 
bioavailability for tooth re-mineralization (Gerlach et al. 2002; Wiener, Long, Jurevic 
2015)  
Several studies support the relationship between lead exposure and dental caries 
among children (Amin 2014; Moss, Lanphear, Auinger 1999; Wiener, Long, Jurevic 2015). 
However, there is a limited literature studying the relationship between lead exposure and 
dental caries among adults. Nriagu and colleagues conducted a cross-sectional study using 
the same population in our study (Nriagu et al. 2006). In contrast to our findings, this study 
reported a significant association between blood lead level and dental caries experience 
among low-income African American adults. However, this study did not control for po-
tential confounder that may modify the association. On the other hand, our finding is con-
sistent with a previous study, which found that blood lead level was not associated with 
caries experience among first-year student at one hospitality college and one university in 
Taiwan (Chang et al. 2010).  
A few limitations of this study should be noted. One is that the DDHP targeted only 
low-income African American adults. Therefore, the findings of this study may not be gen-
eralized to adults from other socioeconomic and racial backgrounds. Second, DDHP used 
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venous blood lead level as a measure of lead exposure. Lead has considerably short half-
life in circulating blood (about 40 days) (Barbosa Jr et al. 2005; Patrick 2006). On the other 
hand, bone accounts for approximately 94% of lead body burden in adults (Barbosa Jr et 
al. 2005; Barry 1981; Oflaherty 1995), for this reason many researchers prefer a cumulative 
measure of lead exposure such as bone lead level rather than a single blood measure (Bar-
bosa Jr et al. 2005; Hu, Rabinowitz, Smith 1998; Landrigan and Todd 1994) . In favor of 
this hypothesis, several studies found that bone lead level (but not blood lead level) is sig-
nificantly related to adverse health outcomes such as decreased birth weight and increased 
odds of hypertension (Barbosa Jr et al. 2005; Gonzalez-Cossio et al. 1997; Hu, Rabinowitz, 
Smith 1998). Using a cumulative measure of lead exposure would be a more appropriate 
method for studying the relationship between lead exposure and dental caries, especially 
among adults. 
In conclusion, our study did not support an association between lead exposure and 
dental caries among low-income African American adults. However, due to the aforemen-
tioned limitations, we cannot entirely exclude the possibility that such a relation exists. 
Further research studying the association, but using a cumulative measure of lead exposure, 
are warranted. 
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Tables 
 
Table 2-1.  Background Characteristics for Study Sample (n=920) 
 Frequency Weighted % 
Age 
Less than 25yrs. 
25-34 
35 yrs. or more 
 
324 
418 
178 
 
35.0 
47.7 
17.3 
Gender 
Male 
Female 
 
46 
874 
 
4.1 
95.9 
Education Level 
Less than High School 
High school graduate 
Some college or higher 
 
412 
300 
208 
 
44.7 
32.4 
22.9 
Full-time Employment  
Yes 
No 
 
348 
572 
 
36.4 
63.6 
Annual Household Income 
Less than $10 000 
≥ $10 000 
 
406 
514 
 
45.0 
55.0 
Type of Dental Insurance 
Private 
Medicaid 
No insurance 
 
108 
590 
235 
 
11.7 
65.2 
23.1 
Brushing Frequency  
Less than once per day 
Once per day or more 
 
201 
719 
 
22.0 
78.0 
Reason for Dental Visit 
Prevention 
Treatment 
Both 
No visit 
 
245 
241 
240 
194 
 
27.3 
26.7 
25.3 
20.7 
Smoking Status 
Ever been smoker  
Non-smoker  
 
418 
502 
 
45.1 
54.9 
Blood Lead Level 
Low 
High (≥ 5 µg/dL) 
 
821 
99 
 
89.7 
10.3 
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Table 2-2. Blood Lead Level by Key Variables of Study Sample (n=920): 
 Blood Lead Level 
 
High (≥5 µg/dL) 
 Frequency (Weighted* %) 
Low (<5 µg/dL)  
Frequency (Weighted* %) 
P value 
Age 
Less than 25yrs. 
25-34 
35 yrs. or more 
 
31 (28.7) 
38 (41.4) 
30 (29.9) 
 
293 (35.7) 
380 (48.4) 
148 (15.9) 
 
 
0.02 
Gender 
Male 
Female 
 
10 (11.9) 
89 (88.1) 
 
36 (3.2) 
785 (96.8) 
 
0.001 
Education Level 
Less than High School 
High school graduate 
Some college or higher 
 
54 (50.4) 
29 (29.4) 
16 (20.2) 
 
358 (44.1) 
271 (32.7) 
192 (23.2) 
 
 
0.57 
Full-time Employment  
Yes 
No 
 
30 (30.9) 
69 (69.1) 
 
318 (37.0) 
503 (63.0) 
 
0.16 
Annual Household Income 
Less than $10 000 
≥ $10 000 
 
49 (49.8) 
50 (50.2) 
 
357 (44.4) 
464 (55.6) 
 
0.45 
Smoking Status 
Ever been smoker  
Non-smoker 
 
59 (57.7) 
40 (42.3) 
 
359 (43.6) 
462 (56.4) 
 
0.004 
* Weighted column percent 
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Table 2-3. Participants Weighted DTMFS † and D2MFS ‡ Scores by Key Variables of 
Study Sample (n=920): 
 DTMFS † D2MFS ‡ 
 Weighted Mean ±SE P value Weighted Mean ±SE P value 
Age 
Less than 25yrs. 
25-34 
35 yrs. or more 
 
35.08 ± 1.41 
48.01 ±1.73 
70.62 ± 2.91 
 
 
<.0001 
 
13.47 ± 1.04 
28.81 ± 1.70 
56.77 ± 3.09 
 
 
<.0001 
Gender 
Male 
Female 
 
43.06 ± 4.22 
47.59 ± 1.45 
 
0.34 
 
26.20 ± 4.70 
28.38 ± 1.44 
 
0.67 
Education Level 
Less than High School 
High school graduate 
Some college or higher 
 
47.23 ± 1.88 
46.83 ± 1.97 
48.55 ± 2.98 
 
0.88 
 
27.06 ± 2.15 
28.67 ± 1.89 
30.13 ± 3.06 
 
 
0.66 
Full-time Employment  
Yes 
No 
 
45.68 ± 1.98 
48.39 ± 1.72 
 
0.28 
 
27.05 ± 1.92 
28.99 ± 1.76 
 
0.44 
Annual Household Income 
Less than $10 000 
≥ $10 000 
 
46.85 ± 2.08 
47.86 ± 1.91 
 
0.73 
 
27.66 ± 1.86 
28.80 ± 1.91 
 
0.66 
Type of dental insurance 
Private 
Medicaid 
No insurance 
 
50.90 ± 3.81 
47.15 ± 1.66 
46.39 ± 2.00 
 
 
0.39 
 
34.73 ± 3.72 
27.32 ± 1.67 
27.84 ± 2.21 
 
 
0.08 
Brushing Frequency 
Less than once per day 
Once per day or more 
 
49.58 ± 1.68 
46.79 ± 46.79 
 
0.24 
 
29.70 ± 1.64 
27.89 ± 1.69 
 
0.43 
Reason for Dental Visit 
Prevention 
Treatment 
Both 
 No visit 
 
38.67 ± 2.08 
47.72 ± 1.95 
60.41 ± 1.97 
42.63 ± 2.61 
 
 
<.0001 
 
19.70 ± 2.16 
29.30 ± 1.69 
40.63 ± 1.89 
23.25 ± 2.72 
 
 
<.0001 
Smoking Status 
Ever been smoker  
Non-smoker 
 
52.06 ± 1.76 
43.58 ±  1.32 
 
 
<.0001 
 
32.97 ± 1.70 
24.44 ± 1.47 
 
 
<.0001 
† DTMFS: Cavitated and noncavitated surfaces (dt), missing owing to caries (m), filled (f) surfaces (s). 
‡ D2MFS: Cavitated surfaces (d2), missing owing to caries (m), filled (f) surfaces (s). 
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Table 2-4. Regression Model for Association between Blood Lead Level and Caries Ex-
perience (DTMFS and D2MFS) (n=920) 
Variables  DTMFS† D2MFS‡ 
 β ± SE P value β ± SE P value 
Blood Lead Level  
High (≥5 µg/dL) 6.56 ± 3.50 0.07 9.34 ± 3.69 0.02 
Low (<5 µg/dL) ref ref ref ref 
† DTMFS: Cavitated and noncavitated surfaces (dt), missing owing to caries (m), filled (f) surfaces (s). 
‡ D2MFS: Cavitated surfaces (d2), missing owing to caries (m), filled (f) surfaces (s). 
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Table 2-5. Multiple Linear Regression Model for Association of Blood Lead Level and 
participants’ Caries Experiences (n=920)  
Variables DTMFS† D2MFS‡ 
 β ± SE P value β ± SE P value 
Blood Lead Level 
High (≥5 µg/dL) 
Low (<5 µg/dL) 
 
2.29 ± 3.45 
ref 
 
0.51 
ref 
 
4.04 ± 3.13 
ref 
 
0.21 
ref 
Age 
Less than 25yrs. 
25-34 
35 yrs. or more 
 
ref 
10.11± 1.75 
 33.79 ± 3.20 
 
ref 
<0.0001 
<0.0001 
 
ref 
12.60 ± 3.14 
41.52 ± 3.36 
 
ref 
<0.0001 
<0.0001 
Annual Household Income 
Less than $10 000 
≥ $10 000 
 
-0.19 ± 2.61 
ref 
 
0.94  
ref 
 
0. 63 ± 2.27 
ref ± 
 
0. 78 
ref 
Brushing Frequency 
Less than once per day 
Once per day or more 
 
1.86 ± 2.32  
ref 
 
0.43 
ref 
 
1.16 ± 2.12 
ref  
 
0. 59 
ref 
Type of dental insurance 
Private 
Medicaid 
No insurance 
 
ref 
3.09 ± 3.28 
-1.33 ± 2.88 
 
ref 
0.35  
0.65 
 
ref  
0.52 ± 3.13 
-3.06 ± 2.53 
 
ref 
0. 87 
0. 24 
Reason for Dental Visit 
Prevention 
Treatment 
Both 
 No visit 
 
ref 
5.82 ± 2.34  
18.30 ± 2.99 
1.47 ± 2.65 
 
ref 
0.02 
<.0001 
0.58 
 
ref  
5.64 ± 2.12 
16.77 ± 2.86 
0.72 ± 2.38 
 
ref 
0.01 
<.0001 
0. 76 
Smoking Status 
Ever been smoker  
Non-smoker 
 
4.39 ± 1.60 
Ref 
 
0.01 
ref 
 
4.04 ± 1.76 
ref  
 
0.03 
ref 
† DTMFS: Cavitated and noncavitated surfaces (dt), missing owing to caries (m), filled (f) surfaces (s). 
‡ D2MFS: Cavitated surfaces (d2), missing owing to caries (m), filled (f) surfaces (s). 
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CHAPTER 5: THE EFFECT OF CUMULATIVE LEAD EXPOSURE ON 
DENTAL CARIES RISK AMONG ELDERLY MEN 
 
Introduction 
Lead (Pb) is a dense, non-biodegradable, metallic environmental pollutant (Flora, Gupta, 
Tiwari 2012). In the United States, leaded consumer products were not banned until the 
late 1970s due to political and businesses interest (Needleman 2009; Potash et al. 2015).  
The delayed ban allows houses to be painted with leaded paint; cars to run using leaded 
gas; and industry emitted leaded waste products directly into the atmosphere for most of 
the 20th century (Potash et al. 2015). Lead exposure inflicts lifelong health and financial 
costs on hundreds of thousands of families every year in the United States (Potash et al. 
2015). Despite continued efforts to reduce lead exposure over the past decades, it remains 
a critical public health concern in the United States, with almost 35% of all homes in the 
United States having hazardous lead-based paint (Cox et al. 2015). 
Lead is toxic and has no benefit to the human body. Due to its ability to inhibit or 
mimic the actions of calcium, it adversely affects all calcium-dependent system such as 
nervous, cardiovascular, renal, endocrine and gastrointestinal systems (Dapul and Laraque 
2014; Flora, Gupta, Tiwari 2012; Kim et al. 2015; Patrick 2006). Moreover, lead’s effects 
on dental caries have been studied in the literature encouraged by the recognized accumu-
lation of lead in teeth. Lead destructs the acinar cells of the parotid gland, leading to a 
reduced concentration of calcium, protein, and N-aacetyl-β-D-Glucosaminidase (NAG) in 
the saliva (Abdollahi, Rahmat-Jirdeh, Soltaninejad 2001). Moreover, Watson et al. found 
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that lead exposure causes 30% reduction in stimulated saliva from the parotid gland and 
40% increase in caries development (Watson et al. 1997).  
The association between environmental lead exposure and dental caries experience 
among children have been reported in the literature (Amin 2014; Moss, Lanphear, Auinger 
1999; Wiener, Long, Jurevic 2015). However, limited studies have been done to assess this 
relationship among adults. Nriagu et al. found a significant association between blood lead 
level and dental caries in low-income African American adults (Nriagu et al. 2006). On the 
other hand, Chang et al. found that blood lead level was not associated with the presence 
of caries among culinary college students in Taiwan (Chang et al. 2010). However, both 
the aforementioned studies have been cross-sectional. Additionally, both studies used 
blood lead level as a measure of lead exposure. Due to the short half-life of lead in circu-
lating blood (6 weeks) (Barbosa Jr et al. 2005; Patrick 2006), many researchers prefer a 
cumulative measure of lead exposure with longer half-life such as bone lead level (Barbosa 
Jr et al. 2005; Hu, Rabinowitz, Smith 1998; Landrigan and Todd 1994). Therefore, the aim 
of this study was to assess the cross-sectional and longitudinal relationships between bone 
lead level and dental caries among older men. 
 
Methods 
Data source: 
Data was obtained from the Normative Aging Study, a longitudinal study established by 
the Veterans Administration (VA) in 1963, and Dental Longitudinal Study (DLS), a closed-
panel prospective cohort study of oral health and aging, which began in 1968 with 1,231 
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men, aged 21 to 84 from the greater Boston area as an adjunct to the Normative Aging 
Study. Participants are not VA patients, but receive medical and dental care from the pri-
vate sector. Participants receive comprehensive medical and dental examinations every 2-
4 years using consistent measurement methods by a calibrated examiner.  Participants were 
asked to fill questionnaires on dental care, smoking, diet, medical history, and lifestyle. 
The Institutional Review Board of Boston Medical Center previously approved the 
protocol of the DLS longitudinal study (Protocol Number: H-23170). 
 
Study Population: 
Our study sample is a subgroup of the Normative Aging and Dental Longitudinal Studies. 
Beginning in 1991, permissions were taken for KXRF (K-shell X-ray fluorescence) meas-
urements of bone lead concentration at two sites (patella and tibia midshaft). Subjects with 
tibia measurement of uncertainty > 10 μg/g and patella measurement of uncertainty > 15 
μg/g, were excluded from the study because these indicate excessive movement when 
measurements were taken. To be eligible for our study, participants should have a complete 
dental exam and a valid bone measurement. Out of the 1,231 participants, 423 subjects met 
our inclusion criteria, and 262 of them returned for at least one follow up dental exam. 
Subjects with bone lead measurements were similar to those without them with respect to 
distributions of baseline demographic characteristics. Participants who came for follow up 
exam were similar to those who did not in regards to bone lead levels and dental caries 
experience, although they were younger in age.  
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Variables of Interest 
Dental Caries 
A single calibrated examiner performed a comprehensive clinical and radiographic dental 
examination for the participants at each examination visit. Sound surfaces were free of 
clinical and radiographic signs of caries or restorations. A restored surface was considered 
carious if it had any clinical or radiographic signs of caries recurrence. Adjusted increments 
to adjust for reversals that could have occurred due to examiners’ misclassification, as well 
as for transitions from carious lesions to sound surfaces, were calculated. The DMFS score, 
which is defined as the sum total of decayed, missed and filled surfaces, was used as an 
outcome measure for the cross-sectional analysis. The adjusted increments was used as an 
outcome measure for the longitudinal analysis.  
 
Bone lead level 
Bone lead level were taken at two sites (mid-tibia shaft and patella) with a K-shell X-ray 
fluorescence (KXRF) instrument (ABIOMED, Inc., Danvers, MA, USA). The tibia and 
patella are composed primarily of cortical and trabecular bone, respectively, and they re-
flect the two main bone compartments, and therefore they have been targeted for bone lead 
research using KXRF measurements. The principles and validation of this measurement 
have been described in detail elsewhere (Burger et al. 1990; Hu, Milder, Burger 1990). 
Thirty-minute measurements were taken at the mid-shaft of the left tibia and at the left 
patella, after the skin had been washed with a 50% solution of isopropyl alcohol. The 
KXRF beam collimator was positioned at 30° in the lateral direction for the patella and 
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perpendicular to the flat surface of the tibia while the subject was seated. In our analyses, 
we used tertiles for both tibia and patella lead level. 
 
 
Covariates 
Covariates in the analysis will include: age in years, annual income in 1970s dollars (cate-
gorized as 1 = < $20,000; 2 = ≥ $20,000), educational level (categorized as 1 = high school 
graduate or less; 2 = some college; 3= college degree or higher), occupation (categorized 
as 1= factory worker, fireman, and manual labor, 2= craftsmen, 3= professional, clerical, 
and sales), current smoking status (categorized as 1 = yes; 2 = no), frequency of brushing 
(categorized as 1= Once a week or less; 2=Twice a week or more), amount of salivary 
secretion (categorized as 1= limited; 2= copious), amount of sugar intake (gram/day), and 
having any prophylaxis in past year (categorized as 1 = yes; 2 = no).  
 
Statistical analysis 
SAS software version 9.4 (SAS Institute Inc., Cary, NC, USA) was used for the statistical 
analyses.  Descriptive summary statistics including percentages, means, and standard de-
viations, was calculated for both outcome and predictor variables. We analyzed the asso-
ciation between bone lead levels and background sample characteristics using analysis of 
variance (ANOVA) and chi-square tests. ANOVA was used to evaluate the unadjusted 
bivariate associations between bone lead level and caries experience at baseline. Multivar-
iate linear regression models was used to assess the association between bone lead levels 
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with baseline caries experience. Variables found significant from bivariate analyses or re-
ported to be important predictors for dental caries experience in previous literature were 
entered into a multiple linear regression model. As the outcome variables for the longitu-
dinal analyses represented counts of surfaces, which demonstrated significant dispersion 
(the variance of the count was larger than the mean), the negative binomial regression 
model was used to assess the bivariate associations between baseline bone lead-levels and 
total caries increments. Multivariate Generalized Estimating Equations (GEE) regression 
with negative binomial distribution were used to estimate the effect of baseline bone lead 
levels on the incidence of caries increment while adjusting for time varying covariates. 
Statistical significance was evaluated at the 0.05 levels. 
 
Results 
Table 3-1 presents background characteristics for study sample at baseline. The mean ±SD 
age for study participants was 68.8 ± 7.3. Nearly 60% of the participants reported an annual 
income of less than $20,000; 29.3% of them held high school degree or less; 36.9% had 
some college education; and 33.8% had college degree or higher. In terms of participants 
oral health related characteristics, the mean DMFS score ±SD was 82.8 ± 29.8.  The ma-
jority of the participants brushed their teeth twice a week or more (63.3%), had copious 
salivary secretion (90.9%), and had dental prophylaxis in the past year (73.2%). In terms 
of sample bone lead-levels, the mean patella lead-level ±SD was 30.2±17.7 μg/g, while the 
mean tibia lead-level ±SD was 21.3 ± 12.4 μg/g. 
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Table 3-2 illustrates the results of a bivariate analysis of the association between 
baseline patella lead-level categorized into tertiles and background sample characteristics. 
Patella lead level was significantly associated with participants’ age, education level, and 
occupation. (p = <.0001, p=0.001, and p=0.003, respectively). Those with the highest pa-
tella lead level showed higher age mean compared to those with lower patella lead level. 
The majority of participants with lowest education level (high school degree or less) were 
in the highest patella lead level tertile (43%). On the other hand, the majority of those with 
highest education level (college degree or higher) were in the lowest patella lead level ter-
tile (43.7%). Regarding occupation, the majority of participants who were in the factory 
worker, fireman, manual labor category or Craftsman category were in the highest patella 
lead-level tertile (46% and 40%, respectively). The majority of those who were in profes-
sional, clerical, salesman category were in the lowest patella lead-level tertile (38.8%). 
There were no statistical significant associations between patella lead level and annual 
household income, smoking status, amount of salivary secretion and living in fluoridated 
community (p = <.11, p=0.6, p=0.21and p=0.33, respectively). 
Table 3-3 presents the results of a bivariate analysis of the association between 
baseline tibia lead-level categorized into tertiles and background sample characteristics. 
Tibia lead level was significantly associated with participants’ age, education level, annual 
household income and occupation. (p = <.0001, p=0.004, p=0.000, and p=0.03, respec-
tively). Those with the highest tibia lead level showed higher age mean compared to those 
with lower tibia lead level. The majority of participants with lowest education level (high 
school degree or less) were in the highest tibia lead-level tertile (38.7%). On the other hand, 
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the majority of those with highest education level (college degree or higher) were in the 
lowest tibia lead level tertile (42.3%). Regarding occupation, the majority of participants 
who were in Craftsman category were in the highest tibia lead-level tertile (38.1%). The 
majority of those who were in professional, clerical, salesman category were in the lowest 
tibia lead-level tertile (36.4%). There were no statistical significant associations between 
tibia lead level and smoking status, amount of salivary secretion and living in fluoridated 
community (p=0.07, p=0.5and p=0.23, respectively). 
Table 3-4 illustrates the bivariate association between dental caries experience 
(DMFS) and baseline background sample characteristics. Age, amount of salivary secre-
tion, brushing frequency and dental prophylaxis in past year were significantly associated 
with mean DMFS scores (p = 0.0004, <0.0001, 0.0004, and <0.0001 respectively). Partic-
ipants who were older, or had lower educational attainment, or had limited salivary secre-
tion, or didn’t have dental prophylaxis in past year, had significantly higher DMFS scores. 
Table 3-5 shows the bivariate association between bone lead level in tibia and pa-
tella, and dental caries experience (DMFS) at baseline. Mean DMFS varied significantly 
according to the tertiles of patella bone lead-level. Participants in the highest tertile had 
significantly higher mean DMFS scores compared to those in the lowest tertile (p = 0.005). 
Similar trend was observed in the association between tibia bone lead-level and dental car-
ies experience. However, this association was not statistically significant at α=0.05 (p = 
0.18). 
Tables 3-6 presents a multiple linear regression model for the association between 
patella lead level and dental caries experience (DMFS) at baseline. Those who were in 
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highest and middle Patella lead level tertiles showed higher caries experience compared to 
those who were in the lowest tertiles (β=1.98 and β= 2.42, respectively) . However, none 
of these associations were statistically significant (p=0.6 and p=0.5, respectively). Age, 
amount of salivary secretion, brushing frequency and dental prophylaxis in past year were 
found to be statistically significant indicators for baseline dental caries experience among 
this sample (p = 0.004, 0.03, 0.048, and 0.004 respectively). The model indicated that for 
each year increase in age, participant DMFS score will increase by 0.61 units. Additionally, 
those with limited salivary secretion had 11.3 more decayed, missed or filled dental sur-
faces compared to those with copious secretion. Moreover, those who brushed their teeth 
once a week or less had 6.07 more decayed, missed or filled dental surfaces compared to 
those who used to brush their teeth twice a week or more. Furthermore, those who didn’t 
have dental prophylaxis in the past year had 9.87 more decayed, missed or filled surfaces 
compared to those who had dental prophylaxis in the past year. 
Tables 3-7 illustrates a multiple linear regression model for the association between 
tibia lead level and dental caries experience (DMFS) at baseline. No association were found 
between tibia lead level tertiles and caries experience at baseline (p=0.5 and p=0.9, for 
highest and middle tibia tertiles respectively). Similar to the previous model, age, amount 
of salivary secretion, brushing frequency and dental prophylaxis in past year were found 
to be statistically significant indicators for baseline dental caries experience among this 
sample (p = 0.003, 0.04, 0.05, and 0.002 respectively). The model indicated that for each 
year increase in age, participant DMFS score would increase by 0.63 units. Additionally, 
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those with limited salivary secretion had 11.2 more decayed, missed or filled dental sur-
faces compared to those with copious secretion. Moreover, those who brushed their teeth 
once a week or less had 5.90 more decayed, missed or filled dental surfaces compared to 
those who used to brush their teeth twice a week or more. Furthermore, those who didn’t 
have dental prophylaxis in the past year had 10.61 more decayed, missed or filled surfaces 
compared to those who had dental prophylaxis in the past year. 
Tables 3-8 shows a bivariate analysis of the association between new caries incre-
ments with background variables of the study sample. Age at baseline, annual income, total 
year since the first exam found to be statistically significant predictors for new caries in-
crements among this sample (p = 0.05, 0.0004, and <0.0001 respectively). The model in-
dicated that for each year increase in age, participant new caries increment score will de-
crease by 0.01 units. Additionally, those with annual income less than 20,000$ had 3.1 
more new caries increments compared to those with annual income equal or more than 
20,000$. Moreover, the model showed that for each additional year since first exam, par-
ticipant new caries increment score will increase by 0.19 units. 
Table 3-9 illustrates the bivariate association between baseline bone lead-level in 
tibia and patella, and new caries increments (new DMFS) at follow-up. Participants in the 
highest and middle patella lead level tertile had significantly higher new caries increments 
compared to those in the lowest tertile (p = 0.005). However, this trend was not observed 
in the association between tibia bone lead level and new dental caries increments (p = 0.87). 
Tables 3-10 presents the adjusted β estimates from the GEE model for the associa-
tion between patella lead levels and new caries increments after controlling for age, annual 
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income, brushing frequency, total years since the first exam, and baseline caries experi-
ence. Those who were in highest and middle Patella lead level tertiles showed higher caries 
increments compared to those who were in the lowest tertiles (β=0.28 and β= 0.33, respec-
tively). However, this association was not statistically significant at α= 0.05 (p= 0.13). 
Total years since first exam was the only significant predictor in the model (p= 0.0006). 
The model indicated that for each year increase since the first exam, the caries increment 
would increase by 0.15 units. 
Tables 3-11 shows the adjusted β estimates from the GEE model for the association 
between tibia lead levels and new caries increments after controlling for age, annual in-
come, brushing frequency, total years since the first exam, and baseline caries experience. 
Those who were in highest and middle tibia lead level tertiles showed higher caries incre-
ments compared to those who were in the lowest tertiles (β=0.09 and β= 0.20, respectively). 
However, this association was not statistically significant at α= 0.05 (p= 0.73). There was 
a significant positive association between total years since first exam and caries increments 
(p= 0.0002). The model indicated that for each year increase since the first exam, the caries 
increment would increase by 0.16 units. 
 
Discussion 
To the best of our knowledge, this is the first study to assess the relationship between lead 
exposure and dental caries prevalence and incidence using bone lead level, a biomarker of 
cumulative lead exposure. In this cohort of older white men, although those in middle and 
highest patella lead level tertiles had shown higher caries experience at baseline and in the 
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longitudinal analyses compared to those at the lowest tertile, this association did not reach 
the significant level after controlling for potential confounders such as age, annual income, 
brushing frequency, and baseline caries experience.  However, this trend was not observed 
in the association between participant’s caries experience and tibia bone lead-level. 
There is a limited literature examining the association between lead exposure and 
dental caries among adults. In a study of low-income African American, Nriagu et al. found 
a significant association between blood lead level and dental caries experience (Nriagu et 
al. 2006). On the other hand, Chang et al. found that blood lead level was not associated 
with the presence of caries among culinary college students in Taiwan (Chang et al. 2010). 
However, both the above-mentioned studies have been cross-sectional. Moreover, both 
studies used blood lead level as a measure of lead exposure. Due to the short half-life of 
lead in circulating blood, it cannot be used to diagnose exposure that happened more than 
6 weeks prior testing (Barbosa Jr et al. 2005; Patrick 2006).  Because bone accounts for 
approximately 94% of lead body burden in adults (Barbosa Jr et al. 2005; Barry 1981; 
Oflaherty 1995), many researchers prefer a cumulative measure of lead exposure such as 
bone lead level rather than a single blood measure (Barbosa Jr et al. 2005; Hu, Rabinowitz, 
Smith 1998; Landrigan and Todd 1994). 
The lead exposure among our sample was mainly from environmental (non-occu-
pational) sources; therefore, they demonstrated relatively low lead levels. The mean levels 
of lead that were found in tibia and patella bone in our sample was 21.3 and 30.2 μg/g, 
respectively, which are almost half than that of a sample of similar age lead workers with 
mean patella and tibia lead of  75.1 and 33.6 μg/g, respectively (Weaver et al. 2005). It is 
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possible that we were unable to detect an association between lead and dental caries risk 
due to the relatively low range of lead among our sample. Examining this association 
among a population with higher lead level could reveal different results (Payton et al. 
1998).    
A few limitations of our study should be considered. First, our findings were only 
among white men, which limited the generalizability of our results to other populations 
such as females and non-whites ethnic minorities. Second, the study subjects were older 
subjects ranging in age from 48 to 94 years that suffered extensively from dental caries, 
with a mean number of decayed, missing, or filled surfaces of 82.8 ± 29.8 surfaces, which 
are approximately more than half of the total possible DMFS score, which in turn limit the 
number of possible events of new carious increment. In addition, the M part of DMFS may 
overestimate caries increment because we do not know if it was missing due to caries or 
due to periodontal disease or other reasons. 
Despite these limitations, this study has a number of strengths. First, we used data 
from the Longitudinal Dental Study; a prospective longitudinal study that collected detailed 
data on sociodemographic, general health and oral health. Second, our analyses took into 
consideration the correlated nature of the data by using Generalized Estimating Equation 
models. Third, the use of bone lead level, which provides a better indicator of cumulative 
exposure to lead because of the longer half-life of lead in bone compared to blood.  
In conclusion, our study did not demonstrate an association between bone lead lev-
els and dental caries among older white men. Further study with different racial/ethnic and 
younger age group is needed to confirm our findings. 
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Tables 
 
Table 3-1.  Background Characteristics for Study Sample (n=423) 
 Mean ± SD or Frequency (%) 
Age (years) (Mean ±SD) 68.8 ± 7.3 
Education Level 
High school graduate or less 
Some college 
College degree or higher 
 
124 (29.3) 
156 (36.9) 
143 (33.8) 
Annual Income (in 1970s dollars) 
Less than $20 000/year 
≥ $20 000/year 
 
245 (60.5) 
160 (39.5) 
Occupation 
Factory worker, fireman, manual labor 
Craftsman 
Professional, clerical, salesman 
 
112 (26.9) 
65   (15.6) 
239 (57.5) 
Current smoking status 
Yes 
No 
 
43 (10.2) 
380 (89.8) 
Amount of salivary secretion  
Copious 
Limited  
 
381 (90.9) 
38 (9.1) 
Brushing frequency  
Once a week or less 
Twice a week or more 
 
146 (36.7) 
255 (63.3) 
Prophylaxis in past year 
Yes 
No 
 
297  (73.2) 
109  (26.9) 
DMFS score  82.8 ± 29.8 
Sugar intake(grams/day)  48.6 ± 25.8 
Patella lead level μg/g  30.2±17.7 
Tibia lead level μg/g  21.3 ± 12.4 
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Table 3-2.  Baseline Patella Lead Level by Demographic Characteristics of Study Sample 
(n=423) 
 Baseline Patella lead level 
 
Highest (n=147) 
n (%) 
Middle (n=141) 
n (%) 
Lowest (n=132) 
n (%) 
P 
value 
Age ± SD 71.5 ± 7.3  68.0±6.7 66.6±7.0 <.0001 
Education Level 
High school graduate or less 
Some college 
College degree or higher 
 
53 (43.1) 
58 (37.4) 
36 (25.6) 
 
44 (35.8) 
53 (34.2) 
44 (31.0) 
 
26 (21.1) 
44 (28.4) 
62 (43.7) 
 
 
0.001 
Annual Income (in 1970s dollars) 
Less than $20 000 
≥ $20 000 
 
76 (31.3) 
66 (41.5) 
 
86 (35.4) 
49 (30.8) 
 
81 (33.3) 
44 (27.7) 
 
0.11 
Smoking Status 
Yes 
No 
 
14   (33.3) 
133 (35.2) 
 
12 (28.6) 
129 (34.1) 
 
16 (38.1) 
116 (30.7) 
 
0.6 
Amount of salivary secretion  
Limited  
Copious 
 
18 (47.4) 
129 (34.1) 
 
9 (23.7) 
132 (34.9) 
 
11 (29.0) 
117 (31.0) 
 
0.21 
Occupation 
Factory worker, fireman, manual labor 
Craftsman 
Professional, clerical, salesman 
 
51 (46.0) 
26 (40.0) 
67 (28.3) 
 
36 (32.4) 
23 (35.4) 
78 (32.9) 
 
24 (21.6) 
16 (24.6) 
92 (38.8) 
 
0.003 
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Table 3-3.  Baseline Tibia Lead Level by Demographic Characteristics of Study Sample 
(n=423) 
 Baseline Tibia lead level 
 
Highest 
(n=144) 
Middle 
(n=149) 
Lowest 
(n=128) 
P 
value 
Age ± SD 71.5 ± 7.5  67.9±6.7 66.6±6.9 <.0001 
Education Level 
High school graduate or less 
Some college 
College degree or higher 
 
48 (38.7) 
59 (37.1) 
30 (24.2) 
 
46 (31.7) 
58 (37.4) 
45 (37.1) 
 
30 (24.2) 
38 (24.5) 
60 (42.3) 
 
 
0.004 
Annual Income (in 1970s dollars) 
Less than $20 000 
≥ $20 000 
 
80 (32.8) 
58 (36.5) 
 
74 (30.3) 
69 (43.4) 
 
90 (36.9) 
32 (20.1) 
 
0.0009 
Smoking Status 
Yes 
No 
 
  8    (18.6) 
136 (36.0) 
 
20 (46.5) 
129 (34.1) 
 
15 (34.9) 
113 (29.9) 
 
0.07 
Amount of salivary secretion  
Limited  
Copious 
 
15 (40.5) 
129 (34.0) 
 
10   (27.0) 
138 (36.3) 
 
12   (32.4) 
113 (29.7) 
 
0.5 
Occupation 
Factory worker, fireman, manual labor 
Craftsman 
Professional, clerical, salesman 
 
43 (38.4) 
24 (38.1) 
74(31.0) 
 
47 (42.0) 
22 (34.9) 
78 (32.6) 
 
22 (19.6) 
17 (27.0) 
87 (36.4) 
 
0.03 
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Table 3-4.  Bivariate Analysis of Caries Experience (DMFS) by Key Variables of the 
Study Sample at Baseline (n=423) 
 DMFS 
 Mean ±SD P value 
Age (β ± SE) 0.18 ± 0.001 0.0004 
Education Level 
High school graduate or less 
Some college 
College degree or higher 
 
85.7±30.8 
88.3±27.4 
74.3±29.7 
 
 
<0.0001 
Annual Income (in 1970s dollars) 
Less than $20 000 
≥ $20 000 
 
80.8±29.3 
 85.8±29.7 
 
0.09 
Smoking Status 
Yes 
No 
 
87.2 ± 34.1 
82.3 ± 29.3 
 
0.30 
Amount of salivary secretion   
Limited  
Copious 
 
99.2 ± 26.7 
81.3 ± 29.7 
 
0.0004 
Brushing frequency  
Once a week or less 
Twice a week of more 
 
86.7±31.1 
79.7±28.9 
 
0.02 
Prophylaxis in past year 
Yes 
No 
 
78.5±28.0 
93.1±32.2 
 
<0.0001 
Occupation 
Factory worker, fireman, manual labor 
Craftsman 
Professional, clerical, salesman 
 
88.1±30.0 
79.9±32.3 
81.2±29.0 
 
 
0.09 
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Table 3-5. Bivariate Association between Bone Lead Level and Caries Experience 
(DMFS) at Baseline (n=423) 
 DMFS 
 Mean ±SD P value 
Baseline patella lead level  
Highest tertile 
Middle tertile 
Lowest tertile 
 
88.0±30.4 
83.4±29.4 
76.4±28.7  
 
 
0.005 
Baseline tibia lead level  
Highest tertile 
Middle tertile 
Lowest tertile 
 
85.8±28.7 
83.1±31.7 
79.0±28.7 
 
 
0.18 
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Table 3-6. Multiple Linear Regression Models for the Association between Patella Lead 
Levels and Caries Experience (DMFS) at Baseline. (n=423)  
 DMFS 
 β ±SE P value 
Patella Lead Level 
Highest tertile 
Middle tertile 
Lowest tertile 
 
2.0  ± 3.8  
2.4 ± 3.6 
ref 
 
0.6 
0.5 
ref 
Age  0.6  ± 0.2 0.004 
Education Level 
High school graduate or less 
Some college 
College degree or higher 
 
7.0 ± 4.4 
11.7 ± 3.8 
ref 
 
0.1 
0.002 
ref 
Amount of salivary secretion   
Limited  
Copious 
 
11.3 ± 5.3 
ref 
 
0.03 
ref 
Annual Income (in 1970s dollars) 
Less than $20 000 
≥ $20 000 
 
-1.4 ± 3.5 
ref 
0.7 
ref 
Brushing frequency  
Once a week or less 
Twice a week of more 
 
6.1 ± 3.1 
ref 
 
0.05 
ref 
Prophylaxis in past year 
Yes 
No 
 
ref 
9.9 ± 3.4 
 
ref 
0.004 
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Table 3-7. Multiple Linear Regression Models for the Association between Tibia Lead 
Levels and Caries Experience (DMFT) at Baseline. (n=423) 
 
 DMFS 
 β ±SE P value 
Tibia Lead Level 
Highest tertile 
Middle tertile 
Lowest tertile 
 
-2.6 ± 3.9 
-0.6 ± 3.7 
ref 
 
0.5 
0.9 
 
Age 0.6 ± 0.2 0.003 
Education Level 
High school graduate or less 
Some college 
College degree or higher 
 
7.5 ± 4.3 
11.6 ± 3.7 
ref 
 
0.09 
0.002 
 
Annual Income (in 1970s dollars) 
Less than $20 000 
≥ $20 000 
 
-1.8 ± 3.5 
ref 
 
0.6 
Amount of salivary secretion 
Limited 
Copious 
 
11.2 ± 5.4 
ref 
0.04 
Brushing frequency 
Once a week or less 
Twice a week of more 
 
5.9 ± 3.1 
ref 
0.05 
Prophylaxis in past year 
Yes 
No 
 
ref 
10.6 ± 3.4 
 
0.002 
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Table 3-8.  Bivariate Analysis of New Caries Increment by Key Variables of the Study 
Sample. (n= 262) 
 New caries increment (new DMFS) 
 β ± SE P value 
Age at baseline  -0.01 ± 0.01 0.049 
Education Level 
High school graduate or less 
Some college 
College degree or higher 
 
0.13 ± 0.1 
-0.06 ± 0.1 
ref 
 
 
0.18 
Annual Income (in 1970s dollars) 
Less than $20 000 
≥ $20 000 
 
0.31 ± 0.1 
 ref 
 
0.0004 
Smoking Status 
Yes 
No 
 
-0.27 ± 0.3 
ref 
 
0.35 
Amount of salivary secretion   
Limited  
Copious 
 
0.29 ± 0.2 
ref 
 
0.08 
Brushing frequency  
Once a week or less 
Twice a week of more 
 
0.27 ±0.1 
ref 
 
0.06 
Prophylaxis in past year 
Yes 
No 
 
ref 
0.19 ±0.1 
 
0.17 
Occupation 
Factory worker, fireman, manual labor 
Craftsman 
Professional, clerical, salesman 
 
-0.20 ± 0.1 
-0.05 ± 0.1 
ref 
 
0.14 
Total years since 1st exam  0.19 ± 0.02 <.0001 
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 Table 3-9. Bivariate Association between Baseline Bone Lead Level and New Caries In-
crements (New DMFS). (n= 262) 
 New caries increment (new DMFS) 
 β ± SE P value 
Baseline Patella lead level  
Highest tertile 
Middle tertile 
Lowest tertile 
 
0.13±0.1 
0.38±0.1 
ref  
 
0.0005 
Baseline Tibia lead level  
Highest tertile 
Middle tertile 
Lowest tertile 
 
-0.05±0.1 
0.005±0.1 
ref 
 
 
0.87 
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Table 3-10. Multivariate Analysis of GEE Parameter Estimates for the Association be-
tween Patella Lead Levels and New Caries increment.  
 New caries increment (new DMFS) 
 β ± SE P value 
Baseline Patella lead level  
Highest tertile 
Middle tertile 
Lowest tertile 
 
0.28 ± 0.23 
0.33 ± 0.17 
ref 
 
0.13 
Brushing frequency  
Once a week or less 
Twice a week of more 
 
0.17 ± 0.16 
ref 
 
 
0.30 
Annual Income (in 1970s dollars) 
Less than $20 000 
≥ $20 000 
 
0.22 ± 0.17 
ref 
0.20 
Age at baseline -0.009 ± 0.01 0.44 
Total years since 1st exam 0.15 ± 0.03 0.0006 
Baseline caries experience (DMFS) -0.003 ± 0.003 0.34 
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Table 3-11. Multivariate Analysis of GEE Parameter Estimates for the Association be-
tween Tibia Lead Levels and New Caries increment.  
 New caries increment (new DMFS) 
 β ± SE P value 
Baseline Tibia lead level  
Highest tertile 
Middle tertile 
Lowest tertile 
 
0.09 ± 0.23 
0.15 ± 0.20 
ref 
 
0.73 
Brushing frequency  
Once a week or less 
Twice a week of more 
 
0.19 ± 0.17 
ref 
 
 
0.25 
Annual Income (in 1970s dollars) 
Less than $20 000 
≥ $20 000 
 
0.24 ± 0.18 
ref 
0.17 
Age at baseline -0.005 ± 0.01 0.69 
Total years since 1st exam 0.16 ± 0.03 0.0002 
Baseline caries experience (DMFS) -0.003 ± 0.003 0.35 
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CHAPTER 6: OVERALL CONCLUSION AND DENTAL PUBLIC 
HEALTH IMPLICATION 
Despite the recent decline in dental caries prevalence, it remains a major public health 
concern. In the United States, about 23% of children aged 2-5 years and 91% of adults aged 
20–64 had dental caries in their teeth (Dye et al. 2015a; Dye et al. 2015b). Some epidemi-
ological studies have linked environmental factors, such as lead exposure, with dental car-
ies, but there is limited evidence about the longitudinal effect of lead exposure on dental 
caries incidence. Our study is unique in that it evaluated the long-term effect of lead expo-
sure on dental caries among children and adults.  
This dissertation comprised three papers that are all focused on evaluating the effect 
of environmental lead exposure on dental caries risk among different age groups, using 
data from Detroit Dental Health Project (DDHP) and Dental Longitudinal Study (DLS). 
We first evaluated the relationship between lead toxicity and dental caries among 
low-income African American preschoolers both cross-sectionally and longitudinally 
(Chapter 3). History of lead toxicity and children’s caries risk was significantly associated 
in both cross-sectional analysis and longitudinal analysis. These associations were inde-
pendent of confounding factors such as child age, brushing frequency, dental visit, soda 
consumption, child’s baseline caries experience, annual household income and caregiver’s 
caries experience. 
In chapter 4, we studied the relationships between lead exposure and dental caries 
among low-income African American adults. Although those with high blood lead level 
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had shown higher caries experience compared to those with low blood lead level, this as-
sociation did not reach the significant level after controlling for potential confounder such 
as for age, income, brushing frequency, type of insurance, smoking status, and the reason 
for dental visit.  
Due to the known limitation of using blood lead level as a measure of lead exposure, 
as lead has considerably short half-life in circulating blood (about 40 days) (Barbosa Jr et 
al. 2005; Patrick 2006), we conducted a further study (chapter 5), which aimed to assess 
the cross-sectional and longitudinal relationships between bone lead level and dental caries 
among older men. In this cohort, although those with higher patella lead level had shown 
higher caries experience both at baseline and in the longitudinal analyses compared to those 
at the lower lead level, this association did not reach the significant level after controlling 
for potential confounders such as age, annual income, brushing frequency, and baseline 
caries experience.   
To the best of our knowledge, this dissertation is the first to investigate the longi-
tudinal relationship between the history of lead toxicity and dental caries among ethnic 
minorities such as African American preschool children, who are known to be at higher 
risk of lead exposure. Moreover, this dissertation is the first to assess the relationship be-
tween lead exposure and dental caries prevalence and incidence using bone lead level, 
which provides a better indicator of cumulative lead exposure compared to blood (Barbosa 
Jr et al. 2005; Hu, Rabinowitz, Smith 1998; Landrigan and Todd 1994). 
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Our findings underscore the importance of prevention of lead exposure, especially 
among young children. A continued diligent effort to eliminate environmental lead expo-
sure is crucial to improving the health and well-being of the population. Moreover, children 
with a history of lead toxicity should be given special consideration in caries risk assess-
ment and caries prevention programs. Health care providers including physicians, pedia-
tricians, dentists, and other practitioners should educate and promote awareness among 
their patients about possible lead exposure sources and the effects of lead exposure on gen-
eral and oral health. 
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